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ABSTRACT 
The need for nanoparticle toxicity evaluations is well recognized as the number of 
applications for nanoparticles continues to grow. This dissertation seeks to reach beyond presently 
available assessments of nanoparticle-mediated toxicity and mortality to assess the 
consequences of intravenous nanoparticle injection upon the cellular and molecular participants in 
the hemostatic response. Based on published reports of severe in vivo coagulopathy, in vitro 
platelet aggregation and hemolysis for cationic poly(amido amine) (PAMAM) dendrimer 
nanoparticles, cationic generation-7 PAMAM dendrimers (G7-NH2) were hypothesized to possess 
strong and specific hemostatic properties and were utilized in the adaptation and development of 
assays evaluating nanoparticle procoagulant properties. The latter part of this dissertation utilizes 
the lipopolysaccharide (LPS)-sensitive limulus amoebocyte lysate (LAL) assay a surrogate to 
explore the hypothesis that intrinsically heightened nanoparticle properties of surface reactivity 
and specific surface area may disrupt endogenous biochemical cascades.
The G7-NH2 were found to affect all key platelet functions, evidenced by severe
morphological alteration, extensive aggregation and adhesion, release of alpha granule contents,
and attenuation of thrombin generation. It was further demonstrated that extensive, direct, 
dendrimer-mediated aggregation of fibrinogen occurs via a thrombin-independent, electrostatic
mechanism that also included G7-NH2 aggregation of bovine serum albumin and, by extension, 
the a majority of soluble plasma protein species due to their negative charge domains.
Silica nanoparticles and two types of gold nanoparticles were demonstrated to increase the 
LAL assay response to LPS, while carboxy latex particles attenuated the LAL assay response.  
This apparent increase in the rate of production for the chromogenic LAL assay product for the 
gold and silica nanoparticles shows the potential for nanoparticles to exacerbate endogenous 
inflammatory responses to toxins co-presented in vivo.
iv
In summary, this dissertation demonstrates the potential for nanoparticle reactivity within or in 
concert with biological systems and specifically clarifies the mechanism of cationic 
dendrimer-induced hemostasis. Additionally, this work establishes additional models for the 
assessment of procoagulant properties of nanoparticles. The specific mechanistic findings 
presented herein represent an improvement upon the level of analysis usually performed for 
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The purpose of the preceding Introduction was to orient the reader to the state of toxicity 
assessment in the field of nanotechnology with examples of the challenges and adaptations that 
are common to nanoanalyses and nanosystems. Because of the unique reactivities and size 
constraints characteristic to many nanomaterials, few (if any) ideal assays exist for the 
assessment of nanoparticle toxicity. The growing utilization of nanomaterials in consumer 
products and medical applications directly increases the potential for human exposure and
demands the characterization of nanotechnology impacts upon biological systems. Thus, it is 
needful both to increase understanding toward existing assay applicability and to develop new 
methods for nanotoxicity assessment.
The long-term objectives of this project are 1) to build understanding toward the unintended 
consequences of nanoparticles on living systems and 2) to develop a toolkit for the assessment 
of currently underappreciated mechanisms of nanoparticle toxicity in blood. The work described 
herein seeks to advance nanoparticle toxicity assessment with expanded assessment and 
characterization of nanoparticle-mediated coagulopathy and platelet activation. The present
characterization of nanoparticle-mediated coagulopathy begins with the application of common 
platelet function and activation assays to assess the toxicity mechanisms of severely activating, 
generation-7 cationic dendrimers upon platelet functions (Chapter 2).  This is next complimented 
by a set of studies elucidating the basis for coagulopathic responses previously observed in G7-
NH2-injected rodents by probing nanoparticle interactions with the molecular elements of 
coagulation (Chapter 3). Finally, the immunologic effects of nanoparticle surface adsorbates are 
reviewed (Chapter 4) as a segue to the assessment of nanoparticle-adsorbed lipopolysaccharide 
(LPS) toxin by the Limulus Amoebocyte Lysate (LAL) assay as a surrogate for coagulogenic 
reactions observable in vivo following injection of LPS-contaminated nanoparticles (Chapter 5).
The content and results of Chapters 1, 2, and 3 have been published in peer-reviewed 
journals, Chapter 4 has been published as part of the Handbook of Immunological Properties of 
Nanomaterials, and Chapter 5 has been submitted for publication in the Journal of the American 
Chemistry Society.
1.7 Statement of objectives
CHAPTER 2
CATIONIC PAMAM DENDRIMERS DISRUPT 
KEY PLATELET FUNCTIONS
Reprinted with permission from Molecular Pharmaceutics, 9(6), Clinton F. Jones et al., Cationic 
Chemical Society.
PAMAM Dendrimers Disrupt Key Platelet Functions, pp. 1599–1611. Copyright © 2012 American 
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Chapter 5
Surface Adsorbates on Nanomaterials 
and Their Possible Roles in Host 
Inflammatory and Toxicological Processing
Clinton F. Jones*, David G. Castner§,¶,||, and David W. Grainger†,‡,**
*Center for Nanotechnology in Drug Delivery
Division of Molecular Pharmaceutics
UNC Eshelman School of Pharmacy
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Surface characteristics of nanomaterials are well recognized to contribute 
prominently to their unique properties and applications. It is less appreciated that 
the same surfaces have high intrinsic reactivities, typically distinct from identical bulk 
material chemistries. These size-dependent properties facilitate rapid, ubiquitous 
surface adsorption and  contamination from many sources: storage containers; 
nanosynthesis components, by-products, and stabilizers; ubiquitous and adventitious 
environmental pollutants in clean room air and water; and diverse biomolecules that 
nanomaterials might encounter throughout their life cycle in biological, biomedical, 
and environmental exposures. Given their extremely large specifi c surface areas and 
high surface reactivities, nanoparticle surfaces are dynamic and rarely (if ever) the 
**Corresponding author. E-mail: david.grainger@utah.edu
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pure nanomaterial. Instead, such surfaces comprise complex mixtures of poorly 
characterized and controlled adsorbates, depending on the nanomaterial exposure 
history. Many adsorbates bring their own biological and toxicological activities. 
Signifi cantly, surface adsorption may alter otherwise benign or innocuous adsorbates 
to render certain antigenic or infl ammatory responses on a nanomaterial surface. To 
understand if such a scenario truly exists and the possible risks involved, rigorous 
nanomaterial surface assessments combined with careful immune system activation 
studies are necessary. However, the appropriate analytical tools to readily ascertain 
such interactions and mechanisms remain lacking.
1. Introduction
Many efforts to reduce material dimensionalities are motivated by the attrac-
tive material properties and functions unique to their nanometer regime. At 
the nanoscale, certain properties of matter become scale-dependent, including 
capillary forces, optical effects/color, melting points, conductivity, ionization 
potential, electron affinity, magnetism, and significantly, surface energy and 
surface reactivity. For example, while gold as a noble metal has a recognized 
low oxidation potential in bulk, properties of gold nanoclusters (e.g., Au55 
clusters) are distinctly different, exhibiting highly oxidizable surface atoms.1
Optical, electronic, mass transfer, and thermal property changes that 
appear for materials in the nanoscale dimension are often exploited and stud-
ied. However, the impact of increasing surface areas with decreasing material 
dimensions must also be carefully considered as a truly impactful property. 
Sub-micron particles (e.g., nanoparticles with diameters of 1–300 nm) are the 
most popular and manipulated form in nanomaterials to date, present in 
increasing amounts in consumer and commercial products, and advocated for 
even further applications. Specific to biological exposures, nanomaterials in 
consumer products can enter the ecosystem in manufacturing, use, and 
 disposal, producing some concerns over their life-cycle management, envi-
ronmental tracking, and fate. Nanomaterials are also extremely popular in 
biomedical applications for in vitro immunolabeling, diagnostics, and imag-
ing, as well as for in vivo diagnostics, advanced drug formulations and deliv-
ery systems, and imaging and tissue targeting functions.2,3 In these applications, 
a primary feature is the direct contact of nanomaterial surfaces with metabolic 
cascades and literally tens of thousands of different biological components 
with redox properties, optical/chemical reactivity, and surfactancy. Basically, 
the introduction of many nanomaterials into biological milieus places two 
intrinsically reactive systems with dynamic properties into direct contact.
Specific surface areas for micron-sized materials (e.g., fumed silicas, com-
mercial carbon blacks) are typically 60–80 m2/g, a considerable surface-to-mass 
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ratio providing extensive utility in their applications. Further reduction of micro-
material diameter to tens of nanometers increases the specific surface area by 
manyfold, yielding an impressive rise in surface area per mass. Hence, commer-
cial CB-1 carbon blacks and single-walled carbon nanotubes (CNTs) — another 
major material focus for nanobiotechnology — may have specific surface areas 
exceeding 1300 m2/g.4 As material size decreases, the surface properties of the 
atoms increasingly dominate, producing significant changes in material reactiv-
ity.5 Relative fractions of surface atoms to bulk atoms in any structure is called 
“dispersion,” exhibiting a power law ranging in the nanoscale regime.5 While 
less than 1% of micromaterial atoms occupy surface positions, 10% of the atoms 
in a 10-nm diameter metal material reside on its surface (and 60% in a 2-nm 
material!).6 The excess surface energy and thermodynamic instability of materials 
below 20 nm not only result in the appearance of surface defects and atom/
lattice rearrangements that stabilize the materials, but also produce unique 
nanomaterial reactivities and properties.5 Effects of size reduction on material 
surface topology, porosity, texturing, and high-density fabrication are observed 
in sub-micron scaling features, contributing to the unique performance proper-
ties of nanomaterials. Surface structure and composition, and resulting surface 
reactivity, dominate nanomaterial properties. Hence, surface effects are a unique 
and very significant functional nano-property that require both control and care-
ful characterization for exploitation in specific nanotechnologies.5 Direct nano-
material interfacial contact with biological molecules and reactive metabolic 
pathways produces possibilities for uncontrolled or undesired effects where 
specific surface interactions with biology intended for nanomaterial function 
might be hindered, and where  host responses could induce adverse reactions.6
Colloidal materials have a substantial history of complex physicochemical 
behaviors in biological milieus.7–11 To claim that well-studied colloidal sys-
tems (e.g., lipid materials, silicas, polystyrene latexes) can be controlled pre-
dictably in physiological milieus is a gross overstatement. Classic issues with 
colloidal instabilities, aggregation, and flocculation dominate these behaviors 
due to uncontrolled adsorption and surface reactivity. Therefore, even greater 
difficulties in characterizing and controlling behaviors for nano-sized colloi-
dal materials in complex biological systems are expected and in fact, routinely 
encountered. High specific surface area materials exhibit substantial chal-
lenges in controlling interfacial reactivity. Thus, increasing specific surface 
area, as is characteristic of nanomaterials, produces new issues in such control. 
Two important distinguishing features of surface atoms compared to bulk 
atoms are: 1) lower coordination numbers and 2) increased exposure to and 
encounter with reactive species in the environment. These distinct surface 
features translate to intrinsically higher surface atom reactivities than bulk 
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atoms, frequently manifested in certain predictable, but also other very 
unique, and even some exotic ways.12
2. Adsorption as a Natural Consequence of Surfaces
High surface energy materials of any dimension are plagued by adsorption as 
a spontaneous process that reduces surface free energy. This is often not a 
chemistry-specific phenomenon, but rather a general kinetic process involving 
any or all adventitious species present. Consequently, surface  contamination 
is a thermodynamically driven process that reduces surface energy through 
the adsorption of adventitious air-, water-, or media-borne contaminants to 
yield a new adsorbate “surface” (i.e., an adlayer). Depending on the presence 
of other possible surface-active adsorbates, this adsorbed surface layer can be 
displaced, remodeled, or covered with another adsorbed layer to produce a 
new, even more thermodynamically stable state. Hence, the adsorption pro-
cess can be dynamic and evolving, depending on the milieu, significantly 
changing surface composition, wettability, surface energetics and material–
material two-body interactions, surface charge (ionic adsorption), and surface 
reactivity. Importantly, adsorption also chemically and physically alters the 
original material surface through adsorbate processes, including electron 
transfer-induced changes (redox chemistry), frequently yielding oxidized sur-
face states in environmental systems and physical properties associated with 
the adsorbed layer. Few, if any, surfaces retain their original chemistry very 
long even under clean room conditions, and adsorption is highly ubiquitous 
to all  surfaces even during synthesis.
Additionally, nanomaterial surface contamination may range from adven-
titious adsorption of adlayers to surface oxidation, corrosion, charging, or 
electron transfer reactions of the nanomaterial itself.6,13 Due to dispersion, the 
higher intrinsic reactivity of nanophase surfaces prompts rapid and spontane-
ous surface adsorption of many diverse types of molecules in their milieu, 
reducing nanomaterial surface free energy and altering interactions with other 
nanomaterials (i.e., producing aggregation and flocculation) and with com-
ponents in the milieu. In fact, surface adsorption is used deliberately and 
universally to stabilize nanomaterial solids in suspension in most  commercial 
preparations through the intentional introduction of surface-active additives, 
e.g., CTAB, SDS, citrate, and charged or polar hydrophilic (co)polymers, that 
form stabilizing “ coronas” around materials, keeping them from aggregating 
under shipping and storage conditions.
Due to their tremendous specific surface areas and intrinsic adsorption 
capacities, finely dispersed materials (e.g., diatomaceous earth, alumina, silica, 
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activated charcoals) are exploited commercially as adsorbent beds to remove 
dissolved species from solutions, even in medicine. Nanomaterials satisfy this 
same purpose, but with substantially increased surface areas and adsorption 
capacities. It follows therefore that surface  contamination of nanomaterials in 
both air and in aqueous milieus is spontaneous and substantial, by common 
adsorption from any and all ambient phases, and at a level proportional to 
200–1000 m2/g nanomaterial surface areas. Hence, a few hundred milli-
grams of CNTs contaminated with a monolayer of unintentional adsorbates 
(such as Fe, Co, Ni, S, or Mn atoms from common CNT manufacturing cata-
lysts) could introduce to their surrounding solutions nearly a millimole of 
these adsorbed materials as surface leachates upon introduction to solutions.12 
The take-home lesson is that adsorbate layers on nanomaterials, and not the 
virgin nanomaterial chemistry, are increasingly thought to be the primary 
surface that interacts with biological components (i.e., proteinaceous,  cellular, 
or lipid) in complex biological environments. In fact, it is likely that nanoma-
terials will carry significant adsorbed contamination into other systems (i.e., 
environmental and physiological) under most conditions. These various 
adsorption/desorption pathways are schematically shown in Figure 1. 
Nanomaterial surface chemistry should never be presumed to be either clean 
or unreactive when exposed to air, water, or biological environments.12,14
Biological component adsorption to nanomaterials is also rapid, often 
irreversible and non-descript since blood, for example, contains over 70 mg/ mL 
of thousands of soluble proteins and enzymes, small molecule solutes, dis-
solved gases, oxidizing and reducing agents, hundreds of lipids, fatty acids 
and other surfactants, and dozens of cell types, including blood platelets at a 
daunting concentration of 108/mL, orders of magnitude higher than most 
nanomaterial dispersion concentrations.15 All of these components recognize 
and react to nanomaterials immediately upon their introduction into the 
bloodstream, irreversibly influencing nanomaterial physical and chemical 
behaviors, aggregation, and all subsequent cellular interactions. Other physi-
ological compartments and environments are equally complex. Cell-mediated 
material uptake (at least at the micron-size scale) includes a diverse array of 
possible cell entry mechanisms, including phagocytosis, pinocytosis, endocy-
tosis, coated pit, and caveolae-mediated entry, and is influenced by material 
surface properties and chemistry, surface adsorption, contamination, and 
aggregation. Hence, adsorption in biological systems profoundly affects cell-
material processing mechanisms, altering the behaviors of materials intro-
duced in vitro and in vivo. Therefore, the monitoring of material surface 
composition and its changes in the milieus of relevance for intended applica-
tions are requisite to understanding nanomaterial interactions with living 
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systems. Such analyses remain challenging since analytical tools to observe 
nanomaterial behaviors and various adsorption processes and property 
changes are crude and highly limited to date. Correlations to observed bio-
logical responses and behaviors in biological assays are therefore plagued by 
current inabilities to track nanomaterial surface and property changes within 
complex biological systems.12
Nevertheless, biological responses to nanomaterials may not be assayed 
with any real sense of scientific validity or confidence before nanomaterial 
properties (as supplied, with associated  contamination), cleaning procedures, 
batch-to-batch nanomaterial variability, and solution properties (such as 
intrinsic aqueous stability, leachates, surfactant additives, aggregation, and 
flocculation) are thoroughly screened, considered, and reported. Essentially, 
this amounts to routine material science quality control, but remains critically 
important in nanomaterial research before meaningful results may be inter-
preted from subsequent in vitro or in vivo biological testing. Material compo-
sition must be ascertained with analytical specificity to understand its effects 
on the biology under assay. As one analytical routine, bulk material analysis 
involves material purity certification and trace contamination (e.g., soluble 
residual ions, leachates, organic reagents), aqueous leachables, electron 
microscopy of bulk nanophase morphology, polydispersity analysis (typically 
light scattering in aqueous dispersions of varying concentrations), intrinsic 
aggregation under shelf-life conditions, intrinsic nanomaterial  solubility, and 
when appropriate, bulk-phase thermal analysis, conductivity, or redox behav-
ior, and spectroscopy (i.e., fluorescence and vibrational) to  provide some 
chemical quality control for physical and chemical states, and stability. This 
Figure 1.  Environmental conditioning of nanoparticles and resulting products. Examples 
include contaminated nanoparticles, adsorbed stable adlayers, sloughed contaminants, and dynam-
ically exchanging, displaced, and desorbing adlayers.
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bulk analysis provides a rational basis to then proceed with a second, critical 
effort in  surface analysis to understand possible surface states in the nanoma-
terials of interest since virgin nanomaterials do not present this bulk chemistry 
at their surface.6,12 Together with nanomaterial size and bulk purity, nano-
phase surfaces must be continuously analyzed and tightly controlled for bio-
medical applications where surface  contamination might elicit adverse, 
undesired, or unexpected biological responses. Possible sources of nanomate-
rial-derived toxicity in physiological systems should therefore consider both 
the nanomaterial and, perhaps even more, the ubiquitous intrinsic nanomate-
rial adsorbates presented to and processed by host immune components, in 
both adsorbed and desorbed states in biological milieus.
Contaminants and adventitious adsorbates from diverse sources decorate 
nanomaterials and exert unknown consequences on biological assays. During 
nanomaterial synthesis, catalysts, solvents, unreacted reagents, catalysts, or 
synthetic by-products may be entrained into or adsorbed onto nanomateri-
als.16 During and following synthesis, materials may be exposed to contami-
nants in their environment (e.g., in filtration and separations, in suspending 
water/solvents, from ambient air, and storage/processing containers and 
materials). Common airborne contaminants in any laboratory, even clean 
rooms, include plasticizers (typically surface-active phthalates) from reagent 
packaging and container caps and sealants,  polyaromatic hydrocarbons 
(PAHs), volatile  polydimethylsiloxanes (PDMS), hydrocarbons and fluori-
nated ether oligomers from pump exhausts, and ubiquitous environmental 
adsorbates such as airborne carbonaceous and silicate particulates and bacte-
rial  lipopolysaccharides (LPS)6 (Figure 2).17,18 Reagent-grade water in contact 
with common labware (plastic or glass) also contains substantial surface-active 
contamination (rarely does purified laboratory water exhibit its theoretically 
pure surface tension of 72.8 mN/m at 20°C for “pure” water).
Alternatively, many “pure” adsorbates are intentionally introduced to 
nanomaterials as suspension stabilizers. These include block copolymers, 
charged polymers, small molecule surfactants (SDS, CTAB, ethoxlyated alky-
lesters), and highly charged polyions (e.g., citrate). Many such nanomaterial-
adsorbed stabilizers are known to exchange in the presence of other 
competitive ligand exchange reactions. Gold nanomaterials in particular are 
subject to ligand exchange that can alter their aggregation states.20,21 Other 
common nanomaterial additives include cell uptake-modulating and protein-
repelling polymers (i.e., polyethers, celluloses, polyvinyl alcohol, poloxamer, 
poloxamine, polyethyleneimime, and polysorbates) or biomolecules 
(e.g., transferrin, albumin, DNA, other proteins or synthetic peptides). While 
these polymers adsorb to nanomaterials and stabilize or modify nanomaterial 
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aggregation behaviors in simple in vitro systems with relatively low concen-
trations of competitive adsorbates (i.e., low levels of plasma proteins), rela-
tively little is known about their adsorbed stability under physiological 
conditions in the presence of high concentrations of proteins, lipids, and 
cells, alone or in any combination.
Nonetheless, understanding and controlling this nanomaterial interface 
in biological milieus is a key challenge to understanding nanomaterial bio-
compatibility, biological function and performance, risk assessment, and pos-
sible toxicity mechanisms. This rationale follows from well-known surface 
Figure 2.  Selected common environmental adsorbates.  Polydimethylsiloxane (PDMS) 
(a), dioctylpththalate (b), polyaromatic hydrocarbons ( PAHs) (c), and lipopolysaccharide (d). 
Panels (c) and (d) were adapted with permission from Refs. 17 and 18, respectively, using 
ChemAxon software.
Gal: galactose; Glc: glucose; Hep: 1-glycero-d-manno-heptose; KDO: 3-Deoxy-D-manno-oct-
2-ulosonic acid; NGa: N-acety1-galactosamine; NGc: N-acetyl-glucosamine.
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analytical paradigms in conventional biomaterials and medical device 
biocompatibility testing.22 Biomaterial surface characterization methods com-
monly used for quality control and to report on surface states of implanted 
material chemistry and physical conditions are diverse and extensive, with 
many different types and sources of information reported from each tech-
nique depending on its requirements.23,24
This chapter lacks the breadth necessary to sufficiently describe the 
numerous well-known material characterization tools appropriate for mate-
rial surfaces in general, or for nanomaterial purposes in particular. Several 
reviews on surface issues in nanomaterial characterization have been pub-
lished.6,25,26 As with any analytical technique, one must match the measure-
ment capabilities of a selected surface interrogation method with the 
information sought, and apply best practices to the characterization of nano-
materials. In any case,  surface analysis should routinely accompany bulk 
nanomaterial analysis prior to nanomaterial introduction into any in vitro or 
in vivo assay. Such nanomaterial quality control reporting should be expected 
as essential to understand nanomaterial characteristics prior to exposure to 
biological systems.12
3. Host Processing of Nanomaterials
It is highly likely that mammalian host defenses never see a bare nanomaterial 
because, as mentioned above, before a nanomaterial ever sees a biological sys-
tem, it is already coated with a conditioning or stabilizing layer of either an 
intentional or adventitious origin. Upon introduction to the body, nanomate-
rial adlayers are then instantly subjected to a concentrated environment of 
surface-active biomolecules that further overcoat both bare nanomaterial sur-
faces and adlayers with endogenous proteins and lipids, and can displace adlayer 
coatings with endogenous molecules.27 Thus, host defenses may encounter a 
bare nanomaterial (rare if ever), a contaminant- or stabilizer-coated nanomate-
rial (possible), a protein-/biomolecule-coated nanomaterial with an underlying 
exogenous coating (likely), or a protein-/biomolecule-coated nanomaterial 
with underlying exogenous species desorbed and displaced (likely). Given the 
unique nanoscale size of these material–biological adsorbate entities, host rec-
ognition systems could process them in multiple ways, resulting in normal 
clearance or alternatively, host reactivity. Significantly, adsorbate presentation 
on a solid nanomaterial surface of the same approximate size as many antigenic 
epitopes (several nanometers) could exacerbate  host responses. High intrinsic 
nanomaterial surface areas are capable of delivering significant amounts of 
 surface adsorbates to immune cells via both direct nanomaterial–adsorbate 
presentation and adlayer desorption by biological surfactants.
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An overview of various immune processing pathways for nanomaterials and 
adsorbates is shown in Figure 3. In one  host response scenario, the nanomaterial 
(coated or uncoated) may be phagocytosed by antigen-presenting cells (APCs), 
macrophages, dendritic cells, or neutrophils. Any peptide-based adsorbates on 
the material surface may be lysozomally processed and presented as digested 
peptide antigens by major histocompatibility complex class II (MHC-II) mol-
ecules on the APC surface. Other adlayer adsorbates carried by nanomaterials 
can be taken up and then desorbed within APCs and possibly presented by 
MHC-II molecules as antigens, although how general this processing mecha-
nism and antigenic potential might be is very debatable. That nanomaterials can 
be processed intact with their adlayers as MHC-II complexes is not well 
described, but represents an interesting possibility. While unproven, combina-
tions of uniquely engineered, synthetic nanomaterials with physical dimensions 
capable of direct immune component processing as possible antigens, high solid 
interfacial areas for additional adsorbate  presentation and significant desorption, 
and unique interfacial properties and reactivities may provide unique immune 
stimuli, particularly when administered through previously unnatural routes 
(e.g., parenteral). More specifically, deliberate nanomaterial introduction into 
host surveillance systems by unnatural pathways in high doses (i.e., intravenous, 
inhaled, and subdermal) could provoke unique host immune responses. 
Figure 3.  Possible nanoparticle processing pathways by host cellular immunological 
components. Nanoparticles, their desorbed adlayers, or nanoscale composites may induce a 
variety of immune responses. Given their size, some nanomaterials are likely to be processed as 
unique nanoscale composites comprising nanomaterials and adsorbed biological adlayers. 
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However, this has not yet been validated. While highly variable, MHC-II anti-
gen presentation of many molecules may activate T helper cells, leading to 
antibody production through the activation of B cells to plasma cells.
A second scenario involves the interaction of endogenous proteins with 
nanomaterials, resulting in the nucleation of protein fibrillation28 or modifica-
tion/denaturation of endogenous proteins on the nanomaterial adlayer/
surface such that the protein adlayer is recognized by scavenger receptors for 
uptake by macrophages/endothelial cells. Moreover, protein denaturation at 
the particle surface could expose and present cryptic epitopes and generate 
haptens,13,27,29 and the close proximity and high concentrations of proteins 
possible at the nanoparticle surface raise the possibility of amyloid formation 
that precedes disease states dependent on protein misfolding.28
A third scenario is the interaction of nanomaterial surface adsorbates either 
as presented on the nanomaterial or in their desorbed and soluble state. 
Adlayer molecules of pathogenic origin ( pathogen-associated molecular pat-
terns or PAMPs) may activate innate immune  inflammation through the 
appropriate pathogen pattern recognition receptor class ( TLRs, NLRs, RIG-1, 
MDA-5). Host cytokines released during innate inflammation may recruit 
phagocytes to the site of inflammation, induce cell death, generate an oxidative 
burst, and/or enhance an adaptive immune response. Moreover, in the case of 
material-presented PAMPs, the material itself acts as an  adjuvant, activating the 
NALP-3 inflammasome to amplify the adaptive immune response to the vac-
cine antigen.30 This route of action has been demonstrated for a growing list 
of nanomaterials that includes chitosan, poly(lactic-glycolic acid) (PLGA), 
polystyrene, silica, alum (aluminum oxide microparticles, the only solid-phase 
vaccine adjuvant approved for human use in the United States), and uric acid 
crystals (the only endogenous adjuvant, formed as a precipitate of accumulated 
uric acid released during mass necrosis).30–32 Though the exact mechanism of 
NALP-3 activation and adjuvancy is not well defined, the nanomaterials them-
selves appear to be simply acting as an adjuvant and as such, antibodies are not 
likely to be generated specifically toward the nanomaterials.
Particle adjuvancy has been found to depend on antigen adsorption to 
particles, which is in turn affected by vaccine solution ionic strength, ionic 
composition (similarity to particle composition), pH, and particle and anti-
gen isoelectric points.33 (See Chapter 15 for more information on nanoparti-
cle adjuvancy.) For example, adjuvant properties known for PLGA degradable 
polymer materials make them attractive delivery vehicles for DNA vaccines. 
Encapsulation, incorporation, or adsorption of antigenic DNA to PLGA–
poly-L-lysine (PLL), PLGA–CTAB, or chitosan micromaterials (or some 
minor variation of one of these material types) have markedly improved 
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 immunogenicity, which has been attributed to a material-based  adjuvant 
effect comparable to that of Freund’s adjuvant.34–36 As an example, the host 
antibody response to the hepatitis B vaccine antigen DNA adsorbed to 
PLGA–CTAB nanomaterials was significantly higher (i.e., double) than that 
of naked antigen DNA dosed alone. This humoral response was accompanied 
with significant increases in interferon-gamma (IFN-?) production (five-fold 
over antigen alone), cytotoxic T  lymphocyte activity, extended expression by 
APCs, and tumor protection and animal survival following tumor cell 
(HBsAg-expressing CT26/S) challenge.37 Hence, similar to known alum- 
and particle-based host reactivity, nanomaterial–antigen presentation syner-
gies are implicated in adjuvant effects, likely from antigen adsorption to the 
material surface, enhancing host immune system recognition and processing, 
and perhaps exacerbating sensitivity. This scenario also introduces the possi-
bility of activated immune system components generating auto-antibodies 
toward nanomaterial-adsorbed endogenous — but adulterated — proteins 
with exposed native or altered (and possibly) cryptic sequences.13
Alternatively, leached metal ion species, non-pathogenic adlayers, or des-
orbed molecules of environmental contaminants may elicit  host responses 
ranging from oxidative bursts, induced by intrinsic cellular toxicity, to immu-
nosuppression and reduction of immune cell activation or their maturation by 
disruption of cytokine signaling cascade components.38,39 Thus, the vast vari-
ety of possible nanomaterial adsorbates produces a broad range of resulting 
endogenous responses. While not widely reported or studied, immunotoxic 
implications of known nanomaterial adsorbates and ostensible contaminants 
comprise the remainder of this chapter.
4. Polydimethylsiloxane Adsorbates
PDMS [Figure 2(a)] and their smaller oligomers represent a synthetic class of 
silicone-based polymers and surface-active (i.e., antifoaming) additives com-
mon to labware, vacuum pump oils, lubricants and greases, lithographic print 
and mold release agents, sealants and water-proofing coatings, tape adhesives, 
and consumer products. PDMS surface  contamination of synthetic nanoma-
terials is extremely likely because of its many forms and pervasiveness in com-
mon synthetic chemistry and fabrication laboratory areas, and the difficulty in 
removing it from laboratory plasticware, glassware, and air. The intrinsic 
surface activity and volatility of PDMS in lower molecular weight liquids com-
bine to make it a contaminant common in laboratories — even clean rooms — 
ranking it as one of the most common surface contaminants observed 
under high-resolution analysis.6 PDMS transfer from slightly contaminated 
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synthetic glassware into many solvents and onto material surfaces is facile. 
Trace silicone detection with surface-sensitive  X-ray photoelectron spectros-
copy (XPS) is relatively straightforward except on siliceous substrates (i.e., sili-
cate glasses, quartz, silica, or silicon wafers). Secondary ion mass spectrometry 
is even more sensitive than XPS for trace silicone detection, especially on 
siliceous substrates. Yet, the presence of  PDMS on nanomaterials is rarely 
controlled or reported.6
Some level of PDMS and related siliceous surface  contamination on nano-
materials is likely. Its removal is difficult without powerful oxidants and etch-
ants (i.e., plasma gas treatment, ozonation, nitric acid, the RCA clean). As a 
contaminant adlayer on nanomaterials, its potential to alter nanomaterial 
interactions with biological systems is therefore considerable — PDMS adlay-
ers mask intentionally adsorbed stabilizing species and also the ability to inten-
tionally surface-modify materials with further adlayers (e.g., grafted polymer 
layers, functional groups, targeting ligands, or cell adhesion peptides). PDMS 
is known to adsorb plasma proteins readily, and alter cell and bacterial adhe-
sion.40 As it is hydrophobic and non-wetting, PDMS surface contamination 
changes droplet drying and deposition, fluidics, and wetting processes on 
surfaces (as in diagnostics and microfluidics devices), and adlayers can pre-
clude ligand recognition of immobilized affinity partners at surfaces impor-
tant to sandwich and affinity capture surfaces and targeting.
Silicon is the second most abundant element on earth, yet is only found 
in trace levels in the human body, and nearly always covalently attached to 
oxygen as silica or silicate networks. The silica content of human tissue varies 
from 10 mg to 200 mg/100 g dry weight. By contrast, silicone derivatives 
such as  PDMS are oligomers and polymers of dimethylsiloxane (-O-Si(CH3)2-) 
units and related chemistries. PDMS are not found in nature or human tis-
sues;  there are no enymatic pathways known that produce or metabolize this 
pure chemistry. Therefore, silicones and PDMS are truly foreign materials in 
biological systems. This has led to the intense scrutiny of their biocompatibil-
ity and toxicology. In general, PDMS are known to have very little toxicity or 
biological effects, even at doses an order of magnitude above those observa-
ble in individuals with PDMS implants.40 However, some interesting effects 
have been observed for specific variants. Cyclic PDMS (D3, D4, D5, and D6) 
are known to cause reversible liver enlargement that subsides upon the termi-
nation of exposure, but cause few additional effects other than slight dermal 
or ocular irritation.40 Interestingly, decamethylcyclopentasiloxane penetrates 
skin slightly and octamethylcyclotetrasiloxane has demonstrated effects of 
reversible vaginal mucification and ovarian atrophy following inhalation expo-
sure (12 g/m3) or  adjuvant activity (humoral only), along with transient 
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interferon production and a reduction in macrophage phagocytic activity fol-
lowing subcutaneous injection.40 Linear decamethylsiloxane species cause 
more pronounced irritation with some, albeit equivocal, data for  immune 
modulation.40 Moreover, severe ulceration and necrosis were observed during 
skin exposure to PDMS precursors (non-dimethylsiloxanes), while other 
 PDMS precursors cause minimal acute toxicity, irritation, and sensitization.40 
As is true for any non-degradable implant, PDMS implants generally trigger 
granulatomous reactions and fibrosis with a low incidence of solid-state sar-
comas in response to PDMS gel implants.40 Furthermore, injections of 
medical-grade Dow Corning 350cS PDMS fluid resulted in the observation 
of silicone within macrophages in regional lymph nodes and the adrenal sys-
tem.40 Thus, these compounds have the potential for bio- accumulation and 
immune modulation, especially at high doses. With ubiquitous environmental 
and industrial presence combined with high specific surface area nanomateri-
als, high doses are conceivable. However, more studies are needed to conclu-
sively determine and elucidate specific effects of PDMS, either alone or with 
nanomaterials. Silicone and silicone gel have demonstrated  adjuvant activity 
as an insoluble emulsifier of known antigens, but not when given separately 
from the antigen.40 Silicone gel administered separately from an antigen does 
not exhibit adjuvant activity, but may produce a transient increase in natural 
killer cell activity.40 Silicone also appears incapable of inducing classical adju-
vant arthritis. Importantly, no significant links have been made between these 
experimental observations and any clinical immunological effect.40
With numerous precedents for interfacial reactivity, and also evidence for 
influences on biological systems, PDMS warrants careful consideration for its 
impact on nanomaterial properties in current biological applications. Little 
attention has been directed to date on significant PDMS  contamination 
issues on material properties and behavior for high specific surface area 
nanomaterials.
5. Polyaromatic Hydrocarbon Adsorbates
 PAHs, long known as potent carcinogens,41 commonly adsorb to surfaces 
exposed to ambient air which ubiquitously contain PAHs in trace amounts, 
as products of combustion in transportation, manufacturing, and natural 
calamities. The production of carbon-based nanomaterials is now known to 
generate substantial toxic aromatic carbonaceous by-products including at 
least 15 PAHs42,43 [Figure 2(c)]. Additionally, carbon nanomaterials are well 
known to actively adsorb volatile PAHs co-produced as part of the carbon 
nanophase manufacturing process.44–46 Without rigorous post-synthesis 
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processing and cleaning steps, carbon-based engineered nanomaterials are 
often contaminated by  PAH adsorption. Unfortunately, simple water rinsing 
or suspension does not remove these hydrophobic adsorbate layers easily or 
completely. With specific surface areas approaching 1300  m2/g,47 CNTs 
represent major transport vehicles for PAHs. Given the similar chemical 
nature between CNTs graphitic chemistry and PAH chemistry, the detection 
of PAHs as an adsorbate on carbon-based nanomaterials is difficult. As an 
aromatic polycyclic species, PAHs share many attributes of the underlying 
graphitic substrates in many carbon-based nanomaterials. Standard in situ 
surface analytical methods cannot generally distinguish PAH adlayers on 
CNTs by chemical fingerprinting. Only thorough material solvent extraction 
and mass spectrometry of the rinsed phase can determine the extent of PAH 
surface  contamination, although this is rarely reported. Oxidizing treatments 
of the nanomaterials (i.e., ozonolysis, plasma treatments, nitric acid washing, 
and RCA-type peroxide cleaning48,49) can oxidize PAH species to more solu-
ble forms, facilitating their desorption from nanomaterial substrates in a 
“cleaning step,” but this is often performed at the risk of also modifying the 
material surface. Hence, PAHs represent a ubiquitous and difficult adsorbate 
to both distinguish and remove from graphitic nanomaterials. Without stand-
ard surface treatments to both control for and remove PAHs from carbon-
based nanomaterials as contaminants, it is difficult to understand the many 
reports for CNT behaviors in biological and cellular milieus. Few studies 
provide sufficient data on the identity, purity, and chemistry of the substantial 
surface areas of CNTs to correlate either with observed biological responses 
or with each other.6
Surface-contaminated nanomaterials may elicit substantially different bio-
logical responses in vitro and in vivo compared to pure or cleaner phases of 
the same nanomaterials. As produced, unpurified CNTs are reported to 
induce the production of pro- inflammatory cytokines and reactive oxygen 
species (ROS) similar to their combustion by-product material counterparts, 
while cleaned CNTs (with reduced PAH and heavy metal ion content) show 
reduced or complete absence of these effects.50 Moreover, diesel exhaust 
material inhalation has been shown to increase the incidence of pathological 
lung infection.51,52 Though the mechanism is unknown, this immunosuppres-
sion has been attributed to the depression of pro-inflammatory cytokine and 
ROS expression and antimicrobial potential of alveolar macrophages by 
adsorbed organic species on a given material, rather than the material 
itself.52,53 In another study, benzofuran or acrolein adsorbates impaired ex vivo 
Fc-receptor–mediated carbon black particle uptake by rat alveolar mac-
rophages.54 It has been hypothesized that this type of effect may result from 
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material overloading and lead to the co-expression of prostaglandins and 
corticosteroids, rather than being an adsorbate-mediated phenomenon.55 
However, several  PAHs are known to be immunosuppressive (and still many 
others could have similar properties as most PAHs have not been extensively 
studied), but the mechanism of immunosuppression is not definitively dem-
onstrated.43 One popular hypothesis is that PAHs exert their immunesuppres-
sive effects through cellular AhR receptor binding, but the binding strength 
for a given PAH is not an effective predictor of its degree of immunosuppres-
sion.38 Moreover, AhR-deficient mice have demonstrated similar or greater 
immunosuppression in response to PAH exposure than AhR-competent 
mice.38,56 Nonetheless, some evidence suggests that these planar, lipophilic 
molecules exert their immunosuppressive effects through the interruption of 
transmembrane/receptor signaling, disruption of interleukin signaling (IL-1, 
IL-2, and/or IL-3), and/or mobilization of and increases in intracellular 
calcium.38 Additionally, many surface-active components present in biological 
fluids (proteins, lipids, fatty acids, other small molecule amphiphiles) are 
known to promote the exchange and desorption of these adlayers when they 
are not removed by other cleaning methods.57,58 Hence, PAH contaminants 
on nanomaterials are likely off-competed and replaced by biological surface-
active substances. This scenario produces new possible host  exposures: 
1) desorbed PAH reactions with cell membranes (adsorption, insertion, per-
meation, penetration), 2) partitioning into plasma proteins (e.g., albumins, 
apolipoproteins), and 3) direct biological reactions (cellular, proteinaceous) 
with the nanomaterial via its new, altered surface adlayer. Alas, little evidence 
is available to date to distinguish these phenomena in vitro or in vivo.
6. Catalyst Residues from Carbon Nanotube Synthesis
The chemical vapor deposition and ARC synthesis processes for generating 
CNTs utilize several catalytic reagents that include heavy metals.59–61 As many 
of these become integrated into the carbon materials or tenaciously adsorbed 
as surface  contamination, carbon-based engineered nanomaterials are often 
contaminated with a variety of non-carbon species, including transition 
 metals.62,63 In addition to the mainstay catalysts utilized in CNT synthesis (Fe, 
Co, Ni, Y, and Mo), neutron activation analysis and inductively coupled plasma 
mass spectroscopy (ICP-MS) have demonstrated an expansive list of CNT con-
taminants including metals/elements such as Al, As, Br, Ce, Cr, Cu, Gd, Ho, 
La, Mg, Na, Nd, Se, Sm, Sr, Tb, Th, Ti, V, W, Yb, Zn, and/or Zr, many of 
which may be employed in post-synthesis purification steps or during synthesis 
as catalyst dopants to favor specific CNT product attributes or improve catalyst 
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lifetime.59,62 These contaminants have been observed to constitute up to 30 
wt% even in commercial “purified CNTs.”62,63 Residual post-processing catalyst 
removal from CNTs is routinely performed by nitric acid or mixed acid reflux 
for approximately two days, while amorphous carbon is oxidized and removed 
by 20–70-h treatment with H2O2 or by thermal treatment.
48,49 However, metal 
impurities are often left entrained within the nanotube structure or ensconced 
in their own graphitic shell following purification, precluding complete impu-
rity removal without concomitant destruction (or at least significant structural 
alteration) of the nanotubes themselves.64 Nevertheless, in spite of graphene 
encapsulation, toxicologically significant quantities of metal-based catalyst 
impurities may be released into incubation media, particularly under mildly 
acidic (pH = 5, lysosomal) conditions.63 This metal release from purified CNTs 
may be due to inadequate acid treatment (cleaning) time, which would kineti-
cally limit the dissolution of catalyst metals (or their oxides) possessing slow 
corrosion rates such as Ni, Ti, Zn, or Mg,62 or inadequate rinsing during puri-
fication, allowing ionic metals to adhere to CNTs, particularly at divalent cati-
onic sites such as carboxylic groups.62 There is some data to suggest that the 
avoidance of oxidizing acids during CNT purification allows for sufficient acid 
treatment time, while preventing the exposure of the metal that is fully encased 
in carbon and completely inaccessible.62 However, an oxidizing environment or 
organic solvent extraction would be needed for the removal of  PAH adsorb-
ates (noted previously) and it is not known whether the in vivo phagocytic 
oxidizing environment is sufficient for the liberation of carbon-encapsulated 
metals. Relatively little analysis has been performed on the consequences of 
catalyst release from CNTs and catalyst metal release could contribute to the 
observed pro- inflammatory cytokine and ROS induction and/or immunosup-
pressive effects of CNTs as noted above in the section on PAHs. Indeed, solu-
ble iron (Fe2+) is capable of forming ROS in physiologically relevant 
conditions;62,65 Cu, Co, Al, Fe, Ni, and Cr are known to be toxic by inhalation, 
ingestion, or dermal exposure;65 ultrafine combustion materials, with their 
characteristic transition metal or sulfuric acid core with an adlayer of semi-
volatile organics, have been shown to induce oxidative stress;13 and animal 
studies have demonstrated that Cd, V, Cr, Pb, and Ni decrease antibody forma-
tion, antigen processing, and lymphocyte processing.66
7. Adsorbed or Conjugated  Polymer Coatings
Several polymer surface coatings are deliberately applied to nanomaterials 
with the intent to modify (i.e., improve) their specific interactions with host 
biology. Most of these polymers are hydrophilic and intended to help suspend 
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or solubilize nanomaterials in aqueous media. These polymers can be physi-
cally adsorbed to nanomaterial surfaces to form surface adlayers, or chemically 
conjugated to pre-existing nanomaterial surface functional groups (Figure 4). 
Both approaches create polymer “ coronas” around the nanomaterials, dra-
matically altering nanomaterial surface properties, chemistry, and interactions 
with aqueous media. All seek to limit non-specific  protein adsorption from 
biological milieus and improve particle suspension lifetimes in aqueous 
media.
Some of these polymer  surface modifications aim to improve cellular 
uptake for imaging, drug delivery, or gene transfection. These types of parti-
cle coatings are generally simple and include polyethyleneimine, polyamines, 
DNA, PLL, or chitosan. Other  polymer coatings on nanomaterials attempt to 
evade uptake and capture by the host filtration organs (i.e., the reticuloen-
dothelial system, RES) during systemic circulation; materials such as polyeth-
ylene glycol (PEG), poloxamer block copolymers, celluloses, polyvinyl 
alcohol, hydrophilic polyacrylates such as polyHEMA and polyacrylic acid, 
and poloxamines have all been used to limit cell uptake, delay phagocytosis, 
and modify the host clearance of nanomaterials.11 For more information on 
the specific roles of surface coatings on nanomaterial  immunogenicity, please 
refer to Chapter 18.
PEG conjugation to nanomaterial surfaces follows countless precedents of 
this strategy applied to other biomaterials for the same purpose — to mask the 
material’s surface from endogenous proteins and receptors.11,67 However, 
CNTs functionalized with PEG, followed by conjugation with fluorescein 
Figure 4.  Common nanoparticle surface polymer functionalization schemes. These 
approaches include polymer growth from the surface (grafting from), polymer growth and 
subsequent grafting to the surface, self-assembled monolayers, and surface copolymer 
adsorption.
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isothiocyanate as an imaging agent, produced pro- inflammatory macrophage 
responses, though the observed lymphocyte behavior was unchanged.68 Anti-
PEG antibodies are now recognized as well,69–73 with evidence for complement 
activation (see Chapter 11 for more details) and hypersensitivity  reactions,71,73–75 
particularly for hydroxy-terminated PEG,76 indicating that PEG may have lim-
ited value in vivo. With the exception of PEG, PLL, polyvinyl alcohol, polox-
amine and celluloses (complement activators),71,74,76,77 and some chitosan 
variants (known to act as  adjuvants and immunostimulants),35,36,78–80 most of 
these hydrophilic designer surface coatings are used with little observable 
immunogenic effects. However, non-immunostimulating  polymer coatings are 
not without their problems, especially in non-covalent, surface-adsorbed 
states. For example, fluorescent spectroscopy has been used to demonstrate 
that single-walled CNTs rapidly shed their passivating Pluronic coating in 
serum.81 That this surface alteration was assessed directly is admirable, sup-
porting no known specific binding affinity between the surface chemistries of 
CNT and Pluronic, and Pluronic’s ready removal in serum from competing 
surfactancy intrinsic to many serum components.  PAHs and other adsorbate 
contaminants common to CNT surfaces (vida supra) beg the question as to 
the true chemically bound or physically adsorbed states of other added nano-
material and single-walled CNT polymer coatings and their stability in biologi-
cal milieus. Polymer adsorbate displacement or adlayer remodeling in biological 
milieus may prompt other unintended property changes consequent to protein 
adsorption and material aggregation.27 Poor polymer adlayer adsorption resist-
ance to high protein surface bombardment typical of full plasma or serum (70 
mg/mL protein) can bury polymer adlayers,82 rendering any intended interac-
tion effects of them with cells ineffective, and inducing material aggregation.
8. Biomolecule Adsorbates
Most globular proteins are highly surface-active, given their amphiphilic chem-
ical and physical structures and abundant metastable folded states. Many pro-
teins of diverse sizes and structures are known to adsorb rapidly to nearly all 
surface chemistries and known proteins are generally highly surface-active.7,27,83 
This issue remains a major unsolved challenge to the biomaterials field in gen-
eral, evading solutions for over 50 years. (For more information on the impact 
of nanomaterial–protein adsorption/interactions on material distribution, 
please see Chapter 6.)  Protein adsorption to nanomaterials is well documented 
despite various  surface modifications,29,82,84–86 occurring immediately upon or 
after their introduction into blood, cell culture media, food extracts, cell 
lysates, or other protein-containing fluids. This is expected, given that their 
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surface treatments are similar to those applied to conventional biomaterials for 
decades, and the universal failure to produce a suitable solution to this problem 
across all materials, regardless of size or surface.  Protein adsorption is a major 
mechanism by which all materials are recognized and removed from circulation 
by filtration organs of the RES — the liver, spleen, kidney, and lung.86,87 The 
process of opsonization — the non-specific adsorption of plasma proteins to 
circulating colloids, producing recognition by the RES tissues75,86 — is the 
 central mechanism of this endogenous host clearance mechanism.
With the possible exception of vitronectin and similar proteins whose 
adsorption may attenuate complement activation,74 protein adsorption to 
materials often results in both the activation of complement with subsequent 
cell uptake, and activation of cell-mediated immune components.88 For 
example, the intraperitoneal injection of a fullerene C60–albumin conjugate 
into mice induced a fullerene IgG antibody response.89 Single- and double-
walled CNTs introduced into human plasma were coated primarily with 
fibrinogen and apolipoproteins (e.g., AI, AIV, CIII), activating the classical 
complement cascade though direct binding of C1q. CNTs also activated the 
alternative complement cascade through C3b binding.90 Nonetheless, other 
studies have shown minimal roles for complement in material uptake, attrib-
uted to differing protein adsorbates and nanomaterial types. Cell uptake 
efficiency is optimal for CNT or polystyrene nanomaterials pre-suspended in 
even dilute serum or dilute albumin, respectively.2,91 Polystyrene material 
data obtained from an intricate ex vivo spleen slice model revealed a key role 
for adsorbed albumin, but little uptake was observed in a purified fibronectin 
system and no reduction in nanomaterial cell uptake was observed for serum 
depleted of complement, IgG, or heparin-binding proteins.91 This may be 
because albumin is the most abundant major plasma protein and is highly 
adsorbed to almost all materials. Nanomaterial uptake is also proposed to be 
mediated through macrophage scavenger receptors responding to confor-
mational alterations in adsorbed endogenous proteins.2,91 Moreover, the 
activation of scavenger receptors could attenuate innate immunity by the 
reduction of chemokine production or by the inhibition of  inflammatory 
mediators.52 Additionally, some speculate that leached ions or nanomaterial 
interactions with endogenous proteins could result in protein unfolding 
that expose  normally cryptic domains or sequences, deactivate protein 
 function, decrease bioactivity or generate new haptens, and raise allergic or 
autoimmune reactions.2,13,91–93
The inhalation route of nanomaterial exposure results in nanomaterial 
conditioning distinct from that of other administration/exposure routes due 
to the unique biomolecular environment and tissue processing present in the 
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lung. Material size scales inversely with the depth of material penetration into 
and deposition within the lung, resulting from aerodynamic effects upon 
inhalation. As such, larger materials are retained primarily in the upper res-
piratory system (throat and bronchi), where they are cleared by the mucocilia-
tory escalator, while smaller materials penetrate deeper into the bronchiolar 
bed, and a small fraction of the smallest materials might reach farthest to the 
alveolar bed, where they become coated with lung surfactant.94 From there, 
materials may interact with surfactant proteins (apolipoproteins A and D or 
surfactant glycoproteins A, B, or C) and enter alveolar epithelial (type I or II), 
abundant alveolar macrophage, or bronchiolar dendritic cells.94 Alternatively, 
cellular uptake and the subsequent generation of inflammatory cytokines may 
result in altered material transport as  inflammation increases permeability and 
opens up a paracellular route to the interstitium with eventual translocation 
to the blood circulation.94,95
One anecdote that possibly links nanomaterial–protein interactions to 
unusual  host response is demonstrated through distinct host reactions to the 
model protein ovalbumin (OVA) in the presence and absence of CNTs. OVA 
and CNTs, co-administered intratracheally (in saline with Tween 80) to mice, 
resulted in significant increases in oxidative stress markers (e.g., heme oxyge-
nase-1, HO-1), DNA modification (8-hydroxy-2?-deoxyguanosine, 
8-OHdG), lipid peroxide products, and advanced glycation end-products 
[AGEs, pentosidine, and Nε-(carboxymethyl)lysine]96 commonly found in an 
oxidative in vivo environment. The binding of AGEs to corresponding recep-
tors (RAGEs) found on many cell types contributes to chronic inflammatory 
diseases through pattern recognition receptor-mediated perpetuation of cel-
lular activation.97 Furthermore, expression levels of multiple allergy-related 
cytokines (IL-4, IL-5, IL-13, IL-17A, and IL-33) were elevated in the lung 
following OVA + CNT administration to these mice. These observed collec-
tive murine responses to OVA + CNT were significantly greater than the host 
response to OVA alone. While it is not known whether the adsorption of 
OVA to CNTs elicited the differences, or whether the observed responses 
resulted from a synergy of responses to the two entities together,96 the find-
ings suggested that the adsorptive presentation of OVA by CNTs increases 
the observed host response to OVA and that the adsorptive presentation of 
allergens or antigens by CNTs may exacerbate allergic or immunogenic 
responses. If consistent with host responses to other nanomaterials, biologi-
cal adsorption to nanomaterials relative to activating adaptive immunity and 
interactions with pattern recognition receptors already implicated in nanoma-
terial immunotoxicity16,98 should become a serious focus (Figure 3). As the 
RAGE receptor also regulates sepsis, this tentatively implicates  endotoxin and 
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 LPS processing by the host to such nanomaterial-based presentation of anti-
gen and even LPS itself.
9. Lipopolysaccharide (Bacterial  Endotoxin)
As a ubiquitous component of Gram-negative bacterial cell walls, LPS remains 
one of the most common surface-adsorbed contaminants of serious concern 
for all nanomaterials.99 LPS is a peptidoglycan-decorated phosphorylated 
multi-chain lipid shed from bacterial cell walls [Figure 2(d)]. Given the consid-
erable presence of these bacterial flora on skin, airborne of aerosols and 
 particles, on all surfaces that comes in contact with the skin, in all milieus capa-
ble of supporting bacteria, and in most water sources (except expensive, desig-
nated “pyrogen-free” water), LPS is indeed ubiquitous. Therefore, LPS 
contaminates everything that most water sources and mammals have con-
tacted, including laboratory glassware, utensils, clean rooms, and filtration 
equipment. Like proteins and silicones, its surface activity is particularly prob-
lematic; the LPS chemical structure and resulting surface activity favor its 
adsorption to hydrophobic surfaces by its multiple acyl lipid chains, while its 
phosphate, amine, and polar glycan chemistries facilitate binding to polar and 
charged surfaces.99 These properties allow LPS to contaminate virtually any 
surface and remain tenaciously adsorbed. Its  contamination of numerous bio-
materials and medical devices is well documented.26,100–103 Nonetheless, its 
detection is primarily done using assays that identify its soluble form.12 In situ 
detection in adsorbed states is difficult and non-quantitative6 (see Chapter 4 for 
more details).
Endotoxin strongly affects biological systems as a known pyrogen by rais-
ing the body temperature and inducing  inflammatory cellular cytokine pro-
duction through its presentation to many types of host cells.95,102,104,105 
Macrophages and other immune cells use  Toll-like receptors (TLRs) to rec-
ognize and process LPS. Hence, reliably discriminating intrinsic LPS bioactiv-
ity, distinct from the nanomaterial’s intrinsic inflammatory activity, is both 
important and technically arduous. Given the exaggerated areas and surface-
to-volume ratios for nanophase systems, possible amounts of adsorbed endo-
toxin (e.g., micrograms of adsorbed endotoxin per gram of material) are 
significant. Titanium dioxide (TiO2) materials have been shown to bind LPS 
in such a way that reduces in vitro cellular inflammatory response to LPS.106 
Other nanomaterials have also been demonstrated to bind endotoxin14,107 and 
it is likely that all such materials will bind some of these contaminants. A 
select few biomaterials have been evaluated for their ability to bind and 
remove endotoxin from aqueous solution.108,109 Moreover, investigations of 
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material– endotoxin interactions related to orthopedic wear debris in hip 
arthroplasties reported microparticle-adsorbed endotoxin effects on implant 
loosening through localized  inflammation.104,110 Therefore, as endotoxin  con-
tamination is nearly ubiquitous on most nanomaterials, it is capable of produc-
ing inflammatory responses magnified over those elicited from the presence 
of the nanomaterial alone.12 This also provides the potential for nanomate-
rial–endotoxin synergy in  host responses.
These effects warrant concern over the potent inflammatory reactivity of 
endotoxin in vivo and in vitro with many cell lines,102,105,110,111 particularly 
inflammatory cell lines (e.g., macrophages lines of various lineages and 
maturities12). The presence of adventitious endotoxin contamination in cell 
cultures or on nanomaterials applied to cells could activate these cells and 
generate inflammatory cytokine responses essentially indistinguishable 
from any response generated by the exposure to the nanomaterial alone. 
Additionally, such cellular activation could also alter other crossover cell sign-
aling pathways in cell-based assays, generating unintended consequences or 
confounding results. Consequently, endotoxin contamination of nanomateri-
als, nanomaterial stock solutions, laboratory glassware, lab-grade and even 
ultrafiltered water, and cell culture materials should be routinely assayed,12,99 
controlled, and remediated before any cell response assay to nanomaterials is 
performed.12,99
Unfortunately, detecting LPS on nanomaterials is currently challenging.6 
Typical endotoxin assays only respond to solution phase  LPS. The Limulus 
Amebocyte Lysate (LAL) assay is the current standard for detecting soluble 
endotoxin in vitro, despite inherent inconsistencies (i.e., the assay signal is 
relative to fixed highly controlled LPS standards that may or may not reflect 
diverse sources, heterogeneity, purity, or reactivity of endogenous LPS). 
Colorimetric variation of the LAL assay in response to LPS dosing is the most 
widely used detection metric in biomaterial testing, particularly in preclinical 
settings, and is more accurately defined as a measure of relative endotoxin 
activity rather than absolute endotoxin concentration.12
Importantly, endotoxin may only be detected by these assays if it is solu-
ble or readily displaceable (i.e., not permanently surface-bound). Nevertheless, 
some methods have been developed to correlate detectable solute endotoxin 
to surface-bound endotoxin within the same material system.12,101–103 
Furthermore, a recent murine macrophage-based commercial tool — RAW-
Blue® reporter cells — facilities LPS detection or other solutes that activate 
the NF-κB or AP-1 transcription factor pathways. Though this reporter cell 
line provides LPS detection indiscernible from other possible signaling path-
way activators, it yields useful information concerning the presence of soluble 
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 agonists to the  TLR family, NOD family, RIG-1 and MDA-5 receptors 
(RAW-Blue® cells product insert, version #11E30-MM, Invivogen, San 
Diego, CA).
Additional endotoxin assays are discussed in detail elsewhere99 and in 
Chapter 4. However, for any of these methods to be quantitatively reliable, 
adsorbed  endotoxin should be shown to correlate directly to known  LPS 
exchange or desorption rates under relevant in vitro conditions, where LPS 
undetected by the assay in surface-bound form produces a reliable answer 
when surface-displaced in biological milieus. That is, irreversibly adsorbed 
endotoxin might be indirectly correlated by knowing its soluble, reversibly 
adsorbed LPS fraction displaced from a surface in biological milieus. This rig-
orous analysis is not performed on nanomaterials, despite the likelihood that 
LPS as a common, highly biologically reactive contaminant is present at high 
levels as introduced from routine material processing and manufacturing. 
Hence, biological tracing of adsorbed LPS and its partitioning between nano-
phases and biological milieus remain unknown.12,108 Consequently, the rabbit 
pyrogen test has been recommended for verifying endotoxin  contamination of 
nanomaterials to improve otherwise ambiguous results from other detection 
methods.99
10. Contaminant Detection and Assessment
Although the appreciation of the need for detailed, comprehensive surface 
characterization of nanomaterials exposed to environmental and biomedical 
applications is increasing, differences between traditional bulk material sur-
face science and analysis of nanophases presents daunting challenges for 
quality control in nanomaterial applications.  Surface analysis methods [e.g., 
 XPS, low energy electron diffraction (LEED), Auger electron spectroscopy, 
mass spectrometries, etc.]23 have been adopted for nanomaterial use from a 
long history of development from surface science applied to particle-sup-
ported catalysts and microelectronics analytics for detailed characterization 
of nanomaterial, but typically for nanomaterials prepared and analyzed 
under well-defined conditions. Such analysis requires specialized instru-
mentation and standard, validated experimental protocols to prepare, store, 
and transport samples in specific, well-defined conditions (oxidized, 
reduced, ligand-protected, sulfided, etc.) (see Refs. 6, 111, 112 and refer-
ences cited therein). Nonetheless, surface analytical tools capable of eluci-
dating specific nanoscopic details are still limited, even under the best high 
vacuum analysis conditions.114 Most of these tools do not have the spatial 
resolution to examine individual nanoparticles or nanomaterial features; all 
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results thus average area-based values from ensembles of nanomaterials and 
from background sources in spaces beneath and around them, and from 
bulk nanomaterials in multilayers.
Due to the complexity intrinsic to most biological environments, surface 
science methods for nanomaterials in complex milieus are lacking; the direct 
translation of traditional ultrahigh vacuum (UHV) surface science methods 
to nanomaterials placed into aqueous, proteinaceous environments pro-
vides very limited useful information. Recent studies have developed quan-
titative  XPS methods for determining the overlayer thickness on 
functionalized gold particles115 and the core-shell structures of quantum 
dots (QDs).116 These studies along with others have used XPS, ToF-SIMS, 
and NMR methods to identify the presence of surface contaminants on gold 
particles and QDs.115–119 While these and other systematic  surface analysis 
studies120 of functionalized nanoparticles are an important starting point for 
developing tools for the better characterization of nanomaterial surface 
chemistry, they do not address ultimate challenges of characterizing the 
nanomaterial surface chemistry in situ under biologically relevant condi-
tions. Nonlinear optical methods offer promise to contribute information 
about the surface chemistry of nanomaterials in aqueous solutions. For 
example, sum-frequency generation in a scattering geometry has been used 
to characterize micro- and  nanomaterials in solution.121,122 The scattering 
patterns provide information about the structure of the materials (core-
shell, etc.), while vibrational spectra yield information about surface 
species.
Current reliance of the field to date on transmission electron microscopy 
(TEM) to describe nanomaterial properties and behaviors is insufficient and 
misleading since it is performed ex situ after dessication, and provides little 
surface information. The increasingly common scenario reported in the bio-
medical literature involves placing a very complex, poorly defined, and highly 
reactive nanomaterial into an even more complex biological system. This 
routine starkly contrasts the carefully controlled ways that, for example, sup-
ported materials are studied and handled for gas-phase structure–property 
surface catalysis experiments (i.e., for heterogeneous catalysis). The biological 
results for nanomaterials are often not definitive, elucidating, mechanistic, or 
very good science needed to inspire approaches to improving nanotechnol-
ogy, or for understanding either surface adsorbate behaviors or mechanisms 
of how nanomaterials interact with biological or environmental systems. The 
situation begs the question about how to improve (nano)science to provide 
accurate information on nanomaterial interactions in complex biological 
scenarios.6
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11. Conclusions
Nanomaterial interactions with biological, environmental, and biomedical sys-
tems are a growing concern with increasingly diverse material sources and 
chemistries exposed to humans in their daily routines. A large part of this con-
cern is focused on the surfaces of nanomaterials that comprise the majority of 
their interactions with human response elements. Nanomaterial surface proper-
ties and their modifications over time and in various conditions are therefore 
critical to elucidate in nanomaterial presentation to various immune, inflamma-
tory, and APCs. Pathways for cellular particle, particle–adsorbate, and adsorbed 
antigen processing are known, but the  specifics of nanomaterial involvement in 
such host cell-based processing are severely lacking.
Nonetheless, technical challenges for characterizing nanophase materials 
with significantly enhanced specific surface areas and reactivities are daunting, 
particularly in extending analysis beyond the UHV environment and into 
complex real systems. Increased analytical power is essential to produce new 
information capable of elucidating nanomaterial surface adsorbate chemis-
tries, adsorption/desorption phenomena including stability, dynamics, and 
exchange reactions in complex media, and how these nanomaterial composi-
tions influence  host responses. Tools for such sensitive nanomaterial analyses 
are not yet sufficiently developed to provide the quality of information neces-
sary to discern mechanisms and distinguish material properties in biological 
systems. Currently detectable cell-based toxicities and immune responses can 
only be correlated indirectly to nanomaterials; direct, reliable, and sensitive 
causal information linking observed cellular reactions to specific nanomateri-
als can only be inferred at best. The generation of reliable nanomaterial 
 structure–property relationships in host immune and toxicity processing 
requires sensitive and versatile analytical methods to detect adsorbate classes, 
understand cell–material interactions, and the ways in which nanomaterials 
present chemistry to host  inflammatory mediators. Beyond isolated, anecdo-
tal gross histological, or morphological evidence for nanomaterial toxicity and 
inflammatory provocation, very little definitive information exists to demon-
strate nanomaterial-induced adverse host events. Hence, the link between 
host cell responses and nanomaterial surface properties, conditioning, and 
delivery of adsorbates is poorly understood. As such, no mechanistic or 
 structure–property relationships implicated in any possible or alleged nano-
material toxicity risks can be rationally asserted. Improving on this scientific 
challenge will be essential to best understand, control, and exploit the unique 
features of nanoscale properties and materials in their various human and 
mammalian applications.6
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CHAPTER 5
NANOPARTICLE INTERACTION WITH ENDOTOXIN 
CONFOUNDS IN VITRO ASSAY QUANTITATION
5.1 Abstract
Surface-adsorbed toxins are increasingly implicated in adverse responses to parenteral 
nanoparticle (NP) formulations in vivo. Endotoxin from gram negative bacteria 
(lipopolysaccharide, LPS) is a ubiquitous surface-active biomolecule that exerts significant 
inflammatory effects (i.e., pyrogen) on mammalian systems and may induce unique reactivity in 
the presence of nanoparticles.  Unfortunately, few methods exist to reliably detect LPS adsorbed 
on materials and none have been verified for high specific surface area nanomaterials, namely 
nanoparticles (NP).  Furthermore, direct nanoparticle interference with the classical Limulus 
Amoebocyte Lysate (LAL) assay detection format for LPS may confound its quantification in vitro, 
though this interference has not previously been elucidated in any detail. NP-LPS interaction is 
demonstrated for three distinct NP materials as well as material-dependent NP interference with 
the kinetic chromogenic LAL (KQCL) assay format, including amplification of the biochemical LAL 
assay response to LPS.  Notably, NP assay interference is demonstrated following NP removal 
from the analyte test solution, suggesting a potential for irreversible NP modification to either the 
assay components or to LPS bioactivity. These results demonstrate the potential for NPs to 
confound LPS quantitation and suggest the possibility that NPs may exacerbate biological 
responses to LPS.  This calls for careful assessment and mitigation of LPS contamination in 
nanomaterials and nanoparticle formulations exposed to mammalian host responses.
5.2 Introduction
Nanomaterials are increasingly prevalent in biomedical applications such as contrast agents 
and targeted drug delivery carriers as well as in consumer products directly contacting human 
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tissue.1-4 However, intrinsic toxicity and human risk assessments of nanoparticles generally lag 
behind scientific advancements in nanotechnology.  Increasing numbers of studies show that 
some nanoparticles have associated adverse effects, including pyrogenicity (systemic 
inflammatory response),5-8 immunogenicity,9,10 coagulopathy,11,12 and general toxicity.13 These 
adverse host reactions to nanoparticles are variable, dose-dependent and often proposed to 
result from their size and intrinsic properties (e.g., high specific surface areas (100-400 m2/g)13), 
but may also result from environmental contaminants and toxins adsorbed to nanoparticle 
surfaces.5,6 High specific surface area increases the opportunities for surface adsorption, 
contamination and surface-binding of toxins compared to an analogous mass of bulk material. 
Since nanoparticle surfaces are in direct contact with host cells and receptors, their behavior and 
host reactivity in vivo appear to be highly dependent on material surface properties and 
phenomena.7,14 However, some evaluations of nanoparticles report surface area-dependent 
nanomaterial toxicity15 while others have found toxicity to be largely independent of surface 
area.13 This controversy typifies a primary issue with nanoparticle use: detailed analysis of the 
unique surface interactions of nanomaterials is difficult if not impossible with current techniques 
and is not routinely performed.14,16  As a result, little is known about nanomaterial surface-specific 
reactivity in biological systems and even less is actually done to assert material quality control 
and form comparisons to standards to understand reported variations in host responses.  Recent 
evidence suggests substantial batch-to-batch variations in nanocarriers that confound 
determination of cause-and-effect relationships for interpreting in vivo host responses to 
nanomaterials.17  Thus, the debate continues over whether observed nanomaterial in vivo toxicity 
is primarily a surface area-driven effect or something more, and what specific health risks are 
associated with nanomaterial surfaces. 
Nanomaterial toxicity and biological assays are often complicated by interference of 
nanoparticles with common in vitro assay signal generating mechanisms.6,18 Nevertheless, 
material sourcing, particle production, and subsequent laboratory handling are recognized as 
providing many opportunities to deliberately or inadvertently introduce a variety of adventitious 
and ubiquitous molecular species commonly found in lab environments as unintended adsorbates 
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on nanoparticles.5,6,14 This “conditioned surface” then becomes the actual interface introduced to 
cells, tissues and biological pathways.  Without either sufficient surface analysis or quality control, 
this major unknown in nanomaterial production represents a significant variable in nanomaterials 
toxicological assessments. 
One ubiquitous nano- and biomaterial adsorbate is lipopolysaccharide (LPS), or endotoxin, a 
pyrogen of gram-negative bacterial origin that can elicit serious inflammatory responses in vivo,8
and alter cell phenotypes in culture.19,20  As a result, the FDA has issued guidance backing 
testing guidelines <85> and <161> by the United States Pharmacopeia (USP) and <ST72:2002> 
by the Association for the Advancement of Medical Instrumentation (AAMI) for the evaluation of 
bacterial endotoxin on biomaterials, implanted devices, drugs, and drug carriers using the 
Limulus Amebocyte Lysate assay (LAL).7 LPS is an amphiphilic glycosylated phospholipid 
comprising a polar, highly diverse glycan domain conjugated to a lipid A-based highly 
hydrophobic acylated domain, with a high degree of both inter- and intraspecies chemical and 
structural heterogeneity between LPS variants across bacterial species,  ranging in molecular 
weight from 5-80 kDa.21  With its dual hydrophobic/polar character, LPS is soluble in aqueous 
environments (up to 5 mg/ml) and is also highly surface-active, able to bind both polar and non-
polar surfaces. LPS forms nearly spherical, nano-scale (50-500nm) micelles and aggregates in 
water at critical concentrations (CMCs) between 4-38 μg/ml, with specific CMC values dependent 
upon polysaccharide region length.21,22 As a product of both living and dead gram-negative 
bacterial commensally colonizing dermal organisms, LPS covers mammalian skin and is shed 
and transferred in many forms. Consequently, LPS is ubiquitous in most lab-grade water sources, 
even ASTM Research grade 1-filtered (e.g., “Millipore”) water, and on nearly every surface in a 
common laboratory (i.e., glassware, water supplies, pipettes, even sterilized instruments) and is 
difficult both to detect and to eliminate.23
The most widely used and accepted assay for LPS detection is the LAL.24 This assay is 
based on the coagulogenic pathogen defense mechanism utilized by the horseshoe crab, Limulus 
polyphemus, to trap invading pathogens in an LPS-induced clot in its bloodstream. This clot is the 
end-product of a multistep biochemical coagulation cascade, analogous to the human coagulation 
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cascade.25 Relevant zymogens of the L. polyphemus cascade have been harvested, isolated, and 
harnessed for the purpose of in vitro LPS detection by chromogenic, turbidimetric, or gel clot 
assay endpoints.25-27 However, the LAL assay is primarily limited to detecting soluble LPS that 
interacts with the assay zymogens.23  Notably, the assay read-out is also prone to nanoparticle 
interference as reported anecdotally.24 For example, cationic dendrimers cause the LAL assay to 
under-report actual LPS content, while solid nanoparticles have also been observed to interfere 
with readout, but may result in either over-reported or under-reported LPS concentrations, 
depending on the specific particle type and experimental conditions.28
The reliability of the LAL assay is a particular concern when assaying nanoparticle-
containing samples because 1) nanoparticle interference may result in under-reporting of LPS 
levels and could thus yield false-negative pyrogenicity results, 2) LPS is only detected in soluble 
form in the LAL assay, and 3) nanomaterials, with their high specific surface areas (200-400 
m2/g) represent a substantial potential reservoir of insoluble LPS not readily detected by the LAL 
format. These known deficiencies in LAL assay reporting could have serious unintended 
consequences, particularly for contaminated parenteral nanoparticle formulations (i.e., 
nanoparticles as drug carriers and imaging agents). Possible in vivo evidence for this 
bioanalytical shortcoming toward nanomaterials is also observed in literature reporting: 
combinations of LPS and nanoparticles are reported to be responsible for exacerbated systemic 
and local inflammatory reactions 8,29,30 and elevated fibrinogen and von Willebrand factor levels in 
the blood have been observed roughly 24 hours following contaminated nanoparticle exposure.29
In related work, LPS and nanomaterials have resulted in leukocytic mediator release (cathepsin 
B, elastase, TNF, neopterin) and collateral prothrombin activation and coagulopathy.31  
Meanwhile, deviations from LPS content monitoring in medical devices and drugs procedurally 
violate FDA guidances.7 Significantly, interactions of nanoparticles with endotoxin and host 
coagulogenic enzymes could imbue altered molecular activity or increased host responses to 
administered nanoparticles.18 Moreover, high specific surface area nanomaterials could act as 
sorbents in their preparation environments, scavenging even trace amounts of LPS, later 
presenting or shedding substantial adsorbed LPS quantities as reactants in biological systems.  
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Moreover, when compared to soluble LPS in physiological milieu, such NP-adsorbed LPS could 
possess distinct transport and biodistribution properties, further altering the native host responses 
to LPS. Yet, no studies are published that investigate NP-mediated LPS effects in vitro or in vivo, 
or that elucidate possible NP-LPS interactions. This represents a liability in understanding the 
general toxicology of nanoparticles since the potential is generally high for LPS contamination of 
nanoparticles during preparation and handling, with consequent adverse effects that may counter 
and confound the intent of nanoparticle therapeutics. 
This study seeks to elucidate LPS endotoxin association with model nanoparticles, 
demonstrate nanoparticle-endotoxin effects on the LAL assay response and document potential 
assay anomalies, clarifying the potential of a possible amplified immunologic response to 
nanoparticle-associated endotoxin in vivo.  This study utilizes the commercialized kinetic QCL 
(LAL-based) assay as a detection method for these comparisons and a surrogate for a variety of 
biochemical processes.
5.3.1 Materials and Reagents.  Tetrachloroauric(III) acid (HAuCl4•aq), tannic acid, and 
sodium citrate (Sigma, USA); sterile, 96-well, nontissue-culture-treated, polystyrene plates 
(Falcon, USA); Dulbecco’s modified phosphate-buffered saline (DPBS, Gibco, USA); and 
endotoxin-free water, chromogenic LAL endpoint assay kit (QCL-1000), Kinetic QCL (KQCL) 
reaction kit (50-650U) and E. coli O55:B5 endotoxin (N185, Lonza, USA) were used as received.
5.3.2 Nanoparticle synthesis and sourcing.  All dilutions and reconstitutions were performed 
in endotoxin-free water. All glassware and reaction-contacting equipment was depyrogenated by 
extended soaking (> 48 hours) in a 10% v/v HCl/ethanol bath and rinsing with endotoxin-free 
water. Gold nanoparticles were prepared by chloroauric acid (0.01%) reduction as described 
elsewhere.32,33 Synthesized gold nanoparticles were sized by averaging the measurements of 
120 particles on a TEM micrograph (University of Utah Imaging Core Facility) using ImageJ (NIH 
freeware, USA).  Carboxylate-capped gold nanoparticles (20nm, part #11-20-100, Nanopartz, 
USA); carboxyl latex (polystyrene) nanoparticles (20nm, Invitrogen, USA); and silica 
5.3 Materials and methods
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nanoparticles (SiNP, 50 nm, gift from Dr. H. Ghandehari, University of Utah, USA)11,34 were used 
as received.  See Table 5.1 for a summary of nanoparticle properties.
5.3.3 Inductively Coupled Plasma—Mass Spectrometry (ICP-MS).  Gold content of sample 
solutions was assessed by heating sample aliquots in a small quantity of aqua regia (1:10 
volume) held at boiling for at least 1 hour, and then evaporated to dryness and diluted with 5% 
aqua regia for analysis.  Analyses were performed on an Agilent 7500ce, quadripole mass-
spectrometer, using a quartz, double-pass spray chamber, PTFE nebulizer, quartz injector, and 
Ni cones with an Au standard solution (Inorganic Ventures) and Ir internal standard.
5.3.4 Kinetic Chromogenic Limulus Amoebocyte Lysate Assay (KQCL).  All particle handling 
steps (dilutions, reconstitutions, and centrifugations) were performed in endotoxin-free water 
(Lonza) and polypropylene tubes (Eppendorf). Note: though LPS adsorbs to plastics more 
strongly than glass, it was necessary to use plastic for the centrifugation steps in this study, 
requiring all standards and samples to be handled in identical polypropylene tubes to minimize 
any tube-specific effect(s). Carboxylate-capped gold nanoparticles (AuNP, 20nm, Nanopartz, 
USA), tannic acid/citrate gold nanoparticles (5.2nm), commercial polystyrene nanoparticles
(20nm), and silica nanoparticles (50nm) were centrifuged at 20.8k x g for 30 minutes, 
resuspended in graded concentrations (described below) of LPS (reconstituted from 1 x106 EU/ml 
Table 5.1  Nanoparticle properties
† measured by TEM 
  * vendor-supplied data
  ‡ ref [11]







20 +/- 1.5 * -30 *
AuNP
(synthesized)
5.2 +/- 1.3 ND
SiNP 48.6 +/- 4.5 ‡ -61 +/- 8.6 ‡
PSNP 24 +/- 5 * Negative ǂ
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E. coli endotoxin (Lonza), and incubated overnight at room temperature. NP-containing samples 
were then serially centrifuged three times (20.8k x g or 40k x g, where specified, for 30 minutes) 
to remove the nanoparticles by aspirating and centrifuging just the supernatant each time, prior to 
LPS assay of the final supernatant by chromogenic LAL assay (KQCL). Three-step centrifugation 
was judged sufficient for NP removal due to the absence of any visible NP pellet at the end of the 
third centrifugation step. Samples (supernatants) were warmed to 37°C and the reconstituted 
KQCL assay reagent was added to final sample supernatants and standard aliquots in a 96-well 
plate. Data collection and analyses were performed according to manufacturer instructions. 
Briefly, addition of LAL chromogenic reagent to the plate initiated the assay and optical 
absorbance was read at 405nm on a microplate reader (BioTek Synergy 2) at 150-second 
intervals over a period of 97.5 minutes with continual incubation at 37°C. For each well, the 
reaction onset time (onset OD) was calculated as the time required for sample absorbance to 
increase 0.2 units from its baseline (t=0) value.  Sample LPS content was calculated from the 
best data fit for the measured onset OD values of an LPS standard dilution series (log onset OD 
vs. log concentration) of log-order dilutions spanning 0.005-50 EU/ml).  Limit-of-detection (LOD) 
values were calculated from endotoxin-free water blanks (n=8) as 3*SD of apparent LPS 
concentrations (determined from the linear correlation of onset OD vs. [LPS] data for the LPS 
standard series mentioned above). 
In preliminary experiments, AuNPs were incubated (25°C) overnight in endotoxin-free water 
with a range of known, spiked LPS concentrations and analyzed by QCL-1000 endpoint and 
KQCL kinetic assays without nanoparticle removal prior to assay (i.e., co-incubation of LAL assay 
reagents in the presence of the nanoparticles). Both assays were performed according to 
manufacturer instructions (25% v/v acetic acid (in endotoxin-free water) was utilized as the stop 
reagent in the QCL-1000 sample analysis).
5.3.5 Lipopolysaccharide-AuNP binding assessment by high-performance liquid 
chromatography.  Gold nanoparticles (AuNP, 20nm, Nanopartz) were centrifuged at 20.8k x g for 
30 minutes, resuspended in endotoxin-free water or LPS-containing solutions (prepared as 
described in KQCL method) and allowed to incubate at room temperature overnight. Solutions 
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were injected (10 l) onto a Hypersil Gold C-18 column using an isocratic water: acetonitrile 
(95:5) mobile phase at a flow rate of 1 ml/min.  Eluting peaks were detected optically at 210nm 
and 250 nm. Known concentrations of 1) LPS (analogous to KQCL assay standard solutions 
described above) without AuNPs and 2) pure AuNPs without addition of LPS were analyzed as 
control conditions.
5.4 Results
In preliminary experiments, AuNPs were spiked with known concentrations of LPS, 
incubated and assessed by both endpoint and kinetic versions of the chromogenic LAL assay, 
QCL-1000 and KQCL, respectively, all in the presence of AuNPs (i.e., no precentrifugation to 
remove particles). Results of these experiments clearly demonstrated AuNP interference with 
assay quantification of LPS, evidenced by a consistent artifactual assay signal increase in the 
presence of AuNPs, but these data were highly variable, inconsistent and uninterpretable (data 
not shown).  Specifically, these preliminary assay response data did not correlate to their 
corresponding known (spiked) LPS concentrations and the complexity of the optically derived 
signals from this mixed AuNP-LPS system precluded mechanistic interpretation or elucidation of 
the optical assay anomalies. Therefore, further studies were conducted to elucidate sources of 
observed NP assay interference.
5.4.1 Gold NPs interfere with KQCL-LAL LPS assay signal linearity.  First, the well-known 
intrinsic AuNP plasmon optical absorption (data not shown)35 directly interferes with the LAL 
assay optical read-out (assessed by 405nm optical density). Therefore, to minimize AuNP-based 
plasmonic spectral interference with the LAL assay, all succeeding nanoparticle-incubated 
samples were serially centrifuged three times to remove the NPs, and the KQCL analysis was 
then performed on the final centrifugal supernatant (vida infra). That is, NPs spiked with LPS 
were removed by centrifugation after incubation so that the KQCL LPS assay reagents and 
AuNPs were not present in the same assay solution simultaneously. Further, the kinetic form 
(KQCL) of the LAL assay was employed exclusively for this and all subsequent analyses because 
it utilizes an OD-based method of endotoxin quantification that excludes background sample 
absorbance. Thus, any plasmonic absorbance of residual AuNPs (a constant background 
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Figure 5.1 Gold nanoparticle interference of the KQCL kinetic LAL 
assay response to LPS spiked standards.  Gold nanoparticle presence 
(filled circles) in LPS standards results in a loss of assay response-
time fidelity at LPS concentrations below ≈1 EU/ml LPS (dotted line, 
log {reaction time} = -2). Nanoparticle-free samples demonstrate 
assay response linearity over six orders of magnitude in LPS 
concentration (open circles). Note: some error bars are smaller than 

























LPS + AuNP (2.5 μg/ml)
LPS
absorbance value) is intrinsically included in the initial assay absorbance reading and 
consequently subtracted out of subsequent signal-based increases in time point absorbance 
readings (assay signal). Importantly, no assay signal was observed for nanoparticles with 
chromogenic substrate alone (without any added LAL cascade factors, data not shown), 
excluding the possibility of signal generation by nonspecific AuNP interactions with the KQCL 
chromogenic substrate.
To assess nanoparticle interactions with LPS, log-order LPS concentrations (i.e., assay 
standard concentration spikes) were quantified by KQCL assay both with and without prior 
incubation with AuNPs. Specifically, AuNPs were spiked and incubated with LPS concentrations 
ranging from 0.005-500 EU/ml, then serially centrifuged three times, with KQCL analysis 
performed on the final supernatant (Figure 5.1, filled circles). Assay responses to AuNP-
incubated LPS solutions above 0.5 EU/ml LPS demonstrated a concentration-dependent 
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response similar to that of the LPS standards at identical concentrations. However, AuNP-
incubation with LPS standard solutions below ≈1 EU/ml LPS produced higher-than-expected 
assay responses that did not scale linearly with LPS concentration (Figure 5.1). This loss of linear 
KQCL response fidelity to LPS concentration (in the lower portion of the log-order concentration 
range) following incubation with AuNP suggests AuNP interference with the KQCL assay. The 
deviation is observed at lower LPS concentration as a flat response to increasing LPS presence, 
well above the calculated limit-of-detection of LPS under these conditions (LOD=0.001 EU/ml) 
(see Figure 5.1).  Notably, and as expected, LPS assay standards (no NP added, open circles) 
exhibited a log-linear dependent assay response to LPS-spiked concentrations over 6 orders-of-
magnitude (0.005-500 EU/ml, R2=0.99), as expected for this assay.
Though AuNPs were centrifugally separated from the samples prior to assay, loss of assay 
linearity following AuNP incubation with LPS may be attributed to either direct AuNP interference 
(i.e., spectral overlap with assay chromophores or adsorption of assay enzymes) or to a potential 
increase in LPS background introduced by contaminating LPS in the NP sample, given the 
ubiquitous nature of LPS contamination in laboratory environments and the lack of effective
analytical surface detection and validation of depyrogenation methods. Therefore, various 
concentrations of AuNPs were next assayed without LPS spikes to determine the intrinsic
influence of the AuNPs on the KQCL assay. These AuNP-containing samples produced KQCL
assay responses increasing from 0.6 EU/ml for 2.5 μg/ml AuNP to 30.6 EU/ml for 250 μg/ml 
AuNP (see Figure 5.2). Superficially, these data could suggest possible background LPS 
contamination from added AuNPs that increases assay response directly with added AuNP mass 
loading, but this nonlinear, inverse relationship between AuNP concentration and mass AuNP-
normalized LAL assay response shows only weak NP concentration dependence.  While some 
minor level of background LPS contamination is probably NP-sourced, such AuNP-derived 
contamination alone cannot explain the observation that assayed LPS concentration does not 
scale directly with added AuNP concentration as it would in the event of LPS adsorbate 
(contaminant) shedding from nanoparticles.  Rather, thes data more strongly support a 
hypothesis that direct physical LPS-NP interactions result in an over-reporting of actual LPS 
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Figure 5.2 Intrinsic activity of added gold nanoparticles 
(NPTZ-sourced) in the KQCL assay (no LPS added).
AuNP were assayed without LPS spike. A 100-fold 
increase in AuNP concentration resulted in a 60-fold 
increase in KQCL assay response (0.5-30.5 EU/ml) with 
























AuNP (no LPS spike)
content.  Further, these results were also observed to depend on the precipitation method 
(specific centrifugation force and/or addition of PBS) utilized for AuNP removal from these
samples prior to their assay (Table 5.2). Table 5.2 shows a trend of decreasing KQCL response 
with increasing centrifugation, suggesting an exacerbated KQCL response with increasing 
residual NPs. However, though inductively coupled plasma mass spectrometry (ICP-MS) data did 
not show a correlation between residual gold content and assay response (data not shown), trace 
residual gold was detectable in all samples (not exceeding 200 ppb in any sample.  
Next, a high concentration (50 EU/ml) of LPS was incubated with increasing concentrations
of AuNPs to further assess the impact of AuNP-LPS interactions on KQCL assay independent of 
background LPS contamination introduced by the AuNPs. Thus, a 50 EU/ml LPS spike was 
utilized to dwarf any background contamination (e.g., 50 EU/ml LPS spike vs. ≤0.014 EU/ml LPS 
contamination in endotoxin-free water incubated with AuNPs, see Table 5.2 and Figure 5.2).  
Following incubation with 250 μg/ml AuNPs, the detected LPS (KQCL response) was three times 
the spiked LPS amount and double the response observed for an equivalent LPS spike incubated 
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with only 2.5 μg/ml AuNPs (shown in Figure 5.3). Moreover, AuNP mass-normalization of the 
KQCL assay responses revealed that only a small amount of AuNPs (≤ 2.5 μg/ml) were 
necessary to generate a KQCL response magnification, and that additional AuNP amounts
yielded only marginal further increases in assay response with respect to incubated AuNP
concentrations (Figure 5.3B). These results demonstrate that AuNP incubation with LPS 
drastically alters the KQCL response in comparison to native LPS detection and confounds the 
assessment of LPS content in AuNP-contacting solutions despite AuNP removal by centrifugation 
prior to assay.  Importantly, since these samples were serially centrifuged three times before 
KQCL analysis of the supernatant, this result confirms the loss of KQCL assay fidelity in the 
presence of potentially miniscule AuNP quantities (<200 ppb).
Results in Figures 5.1-5.3 were performed using the same commercial source and type of 
gold nanoparticles (Nanopartz) and the data implied slight (<0.5 EU/mg) NP-sourced background 
LPS contamination.  To minimize any possible response from background LPS contamination 
and also assess particle sourcing dependence on assay response, further studies were replicated 
using gold nanoparticles with minimal surface functionalization (i.e., citrate/tannic acid-reduced
gold particles, d=5.6 nm), produced using depyrogenated synthesis glassware, equipment and 
certified USP endotoxin-free water. These measures were taken to eliminate background LPS 
Table 5.2 KQCL assay of LPS response 
depends on incubated AuNP (NPTZ-
sourced) concentration and centrifugation 











μg/ml EU/ml EU/mg EU/ml EU/mg
2.5 0.047 0.019 0.566 0.226
50 0.445 0.009 11.189 0.224
250 0.873 0.003 30.621 0.122
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     A
     B
Figure 5.3 Commercial gold nanoparticles (NPTZ-
sourced) magnify the LAL assay response in a high-
concentration LPS solution. (A) The LAL assay response 
to an identical LPS spike (50 EU/ml, dotted line) doubles 
over three orders of magnitude of added, incubated 
AuNP concentrations (2.5-250 μg/ml). (B) AuNP 
concentration normalization of the KQCL assay data 
reveals that the LAL assay response magnification 
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and any ligand effects arising from the commercial nanoparticles.  In a procedure similar to that 
producing Figure 5.3 data, the AuNPs resulting from this reaction were incubated with a spike of
50 EU/ml LPS, then removed by serial (three times) centrifugation.  Following AuNP removal, 
these LPS-spiked solutions produced elevated KQCL responses that were related to AuNP
concentration, starting at a 390 EU/ml assay response for the lowest Au nanoparticle
concentration (2.5 ug/ml) and increasing to assay responses exceeding 500 EU/ml for higher 
AuNP concentrations (25 and 250 μg/ml, Figure 5.4). Significantly, incubation of citrate/tannic 
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acid-stabilized AuNPs with LPS before KQCL reagent addition and assessment amplified the 
KQCL assay response analogous to the assay results obtained following LPS incubation with the
commercially sourced, AuNP (shown in Figure 5.4). Notably, for this gold nanoparticle chemistry, 
an unspiked (no LPS) nanoparticle-only sample control (50 μg/ml AuNP) produced a response of 
only 0.01 EU/mL in the KQCL assay (Table 5.3). These results demonstrate that, unlike the 
commercial AuNP source used in Figures 5.1-5.3, the in-house synthesized AuNPs are
ostensibly “clean” and minimally interact with the assay in the absence of LPS. Between the 
results from these disparate AuNP types, the confirmation of trend and effect of AuNP on the 
KQCL assay response supports the conclusion that the AuNP themselves are responsible for the 
observed KQCL assay response amplification, rather than the direct effect of some sort of 
proprietary additive in the commercial AuNPs (e.g., exogenous steric or electrostatic colloidal 
stabilizer) or shedding of NP-contaminating LPS.
5.4.2  Influence of tetrachloroaurate anion on LPS assay. As gold nanoparticles are 
routinely produced by reduction of gold acid salt, tetrachloroauric acid (HAuCl4), to zero
Figure 5.4 Citrate/tannic acid-reduced AuNPs amplify the KQCL LAL 
assay response. Incubation of citrate/tannic acid-stabilized gold 
nanoparticles with LPS resulted in highly amplified LAL assay 
responses to a constant 50 EU/ml LPS spike. These responses were 
























AuNP + 50 EU/ml LPS spike
50 EU/ml LPS spike
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valent Au metal, the potential exists for trace amounts of HAuCl4 to remain in solution as AuCl4-
anions following salt reduction to AuNP. Additionally, any shedding of Au3+ ions from AuNP 
surfaces into the surrounding solution would rapidly produce AuCl4
-, the most stable, aqueous-
soluble species of gold.36 Thus, possible effects of residual or NP-shed AuCl4
-(aq) anion 
interactions with the KQCL LPS assay were assessed in LPS-spiked AuCl4
- ion solutions. Added 
AuCl4
- concentrations were assumed as a generous upper-bound, representing a 1% portion of 
reactant AuCl4
- ion remaining in solution following reductive generation of AuNP.  Since AuCl4
-
anion is the conjugate base of the starting material used to produce these samples, pH was 
verified within pH=6-8 (stated KQCL assay guidelines) to avoid secondary acid-base interference. 
KQCL assay response to the AuCl4
- anion solution without LPS spike was below the LOD, 0.001 
EU/ml, demonstrating a pyrogen-free precursor salt material without detectable colorimetric 
interaction with the KQCL assay (Table 5.3). Additionally, KQCL assay responses to a uniform 
25 EU/ml LPS spiked concentration remained steady between 25-30 EU/ml in the presence of 
added AuCl4
- anion over a broad concentration range of 0.345-345 ng/ml AuCl4
- (Figure 5.5). This 
result sharply contrasts the KQCL assay response amplifications observed for both AuNP types 
reported in Figures 5.1-5.4 and demonstrates that AuCl4
- anion does not contribute significantly to 
KQCL assay response amplification following AuNP-LPS incubation.
5.4.3 Effect of soluble divalent cations (DPBS). Because of its amphiphilic character, LPS 
self-associates in aqueous solution by forming micelles and aggregates.37,38 LPS intermolecular 
interactions are strengthened in the presence of divalent cations such as Ca2+ and Mg2+ that
serve to bridge anionic phosphate groups on adjacent LPS molecule glycan domains.37  To 
assess the effects of the AuNP-LPS interaction on LPS self-association, LPS assay standards
(0.005-500 EU/ml) were assayed by KQCL in the presence of DPBS (140mM, containing 0.9/0.5
Table 5.3 KQCL responses to synthesized citrate/tannic acid gold, 
silica, and polystyrene nanoparticles resuspended in endotoxin-free 
water compared to AuCl4
(-)-spiked solution.*
Particle/material type AuNP SiNP PSNP AuCl4
-
Material concentration (µg/ml) 50 50 40 0.069
LPS detected (EU/ml) 0.014 0.004 0.014 0.002
*LOD = 0.001 EU/ml, lowest LPS standard = 0.005 EU/ml 
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mM Ca2+/Mg2+), both with and without AuNP incubations to further elucidate AuNP effect on LPS 
solution-phase aggregation. In the absence of AuNPs, the divalent cations of DPBS promoted 
intermolecular LPS interactions that blocked all KQCL assay responses to LPS concentrations ≤ 
5 EU/ml as shown in Figure 5.6. Moreover, in the absence of any AuNP exposure, this divalent 
cation-mediated assay response inhibition in DPBS continued indefinitely and was noted as the 
absence of visual assay chromogenic activity (i.e., yellow color) through 72 hours of assay 
observation (data not shown). However, incubation of 50g/ml AuNPs (commercial, Nanopartz) in 
these DPBS-containing LPS concentrations restores nonzero KQCL assay responses for all LPS 
standards (0.005-50 EU/ml). Additionally, direct AuNP interference with KQCL was confirmed, as 
the actual LPS concentration fidelity of the assay was not restored by addition of AuNPs, with no
substantial changes in KQCL assay response to log-order reductions in LPS concentration ≤ 5 
EU/ml (Figure 5.6), similar to DPBS-free observations (Figure 5.1). This result suggests that 
AuNP-LPS interactions may be strong enough to disrupt self-association of solute LPS, possibly 
via disrupting LPS-cation (e.g., Ca2+/Mg2+) bridging interactions and LPS surface adsorption.  
Additionally, this result further confirms direct AuNP interference with the KQCL assay, resulting 
in loss of assay fidelity, especially for the lower LPS concentration range, ≤ 5 EU/ml.
5.4.4 Other nanoparticle chemistries influence LAL assays.  Since AuNPs clearly influence 
the KQCL-based assay response to endotoxin, other nanoparticle types were selected based on
Figure 5.5 Gold anion (AuCl4
-) additions and KQCL assay response.  
KQCL assay response to a uniform LPS spike of 25 EU/ml was not 
significantly altered by the presence of added AuCl4
- anion over 4 
























HAuCl4- + 25 EU/ml
spike
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their lack of optical activity in the region of KQCL detection (405 nm absorbance).  Specifically, 
silica and polystyrene nanoparticle effects were assessed using methods identical to the AuNP-
based KQCL experiments already discussed. Similar to AuNP-influenced results (e.g., Figures 
5.3A and 5.4), a 50 EU/ml LPS spike produced higher-than-spiked KQCL responses of 332 and 
461 EU/ml following incubation with 2.5 and 250 μg/ml SiNP, respectively (Figure 5.7).  Notably, 
the KQCL assay response to SiNP supernatant alone (50 μg/ml, no LPS spike) was below the 
assay LOD (0.001 EU/ml), demonstrating an ostensibly clean SiNP lot.  Importantly, these results 
and the combined AuNP results support a synergistic effect that NPs exert only in the presence of 
LPS.  
In contrast, analogous incubations of polystyrene nanoparticle (PSNP) in 25 EU/ml LPS 
produced a trend opposing that observed for both AuNP- and SiNP-based assays (shown in 
Figures 5.3A, 5.4 and 5.7).  LPS incubation with increasing concentrations of PSNPs (1.5, 15, 
and 150 μg/ml) decreased assay responses (to 24.8, 9.7, and 0.6 EU/ml, respectively) all of 
Figure 5.6 Gold nanoparticle effects on the KQCL assay of LPS in the 
presence of cation-containing DPBS buffer.  Presence of 140mM DPBS 
completely inhibited the KQCL assay color generation for spiked LPS (≤ 
5 EU/ml, star symbols).  This inhibition was overcome by incubating with 
added AuNP (50 μg/ml, Nanopartz), but assay fidelity to LPS 
concentration was not restored. †Assayed LPS values are normalized to 
nonzero DPBS responses.
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which registered below the (constant) spiked LPS amount of 25 EU/ml (Figure 5.8).  KQCL assay 
of unspiked PSNP was below the assay LOD (0.001 EU/ml).
The discrepancies between KQCL assay results for LPS-spiked samples of different 
nanoparticle types and concentrations (both with and without possible interfering intrinsic optical 
activity) suggest that physical NP-LPS interactions alter KQCL reporting.  This is supported by the 
lack of baseline perturbation in KQCL assays of all assayed NPs alone without spiked LPS, and 
also for AuNPs incubated with the KQCL chromogenic substrate alone (peptide-nitrophenyl ester) 
without the required LAL zymogens present (data not shown).
Finally, LPS incubation with AuNPs or SiNPs also appears to increase the KQCL assay 
reaction rate, evidenced by a shift to the left (i.e., shorter time) in the KQCL absorbance vs. time 
rate curves, corresponding to increasing amounts of added, incubated AuNPs (see Figure 5.8). 
Notably, the final assay absorbance values are very similar regardless of NP incubation time or 
NP amounts, suggesting that these NPs do not change the assay’s final reaction end product 
chromophore concentrations, but instead change the rate of signal production. Since the KQCL 
assay is kinetic (rate dependent) by design,39 this result strongly implicates a catalyst-like 
interference activity for AuNPs and SiNPs in the KQCL reaction cascade. However, confirming 
Figure 5.7 Effects of added silica nanoparticles (SiNP) on the 
KQCL assay response. The KQCL produced amplified assay 
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this particular interpretation is confounded by the procedural necessity of first removing 
nanoparticles from samples by serial centrifugation before addition of the chromogenic 
substratefor KQCL assessment of samples. Significantly, greater KQCL response amplification 
was observed with NPs remaining in the samples than with centrifugally separated nanoparticle 
samples, as noted in Figures 5.3, 5.4 and 5.7). This supports the mechanistic concept that direct 
NP-LPS interactions are central to assay perturbations. 
5.5 Discussion
Findings described in this study demonstrate that LPS association with solid nanoparticles 
fundamentally alters chromogenic LPS assay results.  The KQCL assay is based on the rate of 
end product chromaphore production (i.e., enzymatic cleavage of a peptide substrate nitophenyl 
ester to produce the optically active p-nitrophenyl aniline in solution) in proportion to activation by 
LPS. In this assay, LPS initiates the autocatalytic activation of Factor C and with it the L. 
polyphemus-derived biochemical cascade which proceeds through Factor B and clotting enzyme 
to the release of p-nitroaniline (yellow chromaphore) from a colorless peptide substrate.40,41 The
data presented herein support two distinct KQCL assay outcomes arising from the proposed 
solution-phase NP-LPS interaction. The PSNP concentration-dependent decrease in KQCL 
Figure 5.8 AuNPs increase the rate of KQCL chromophore generation to a 50 
EU/ml LPS spike. Increasing incubated AuNP concentrations increased the rate of 
KQCL assay response to equivalent 50 EU/ml LPS spikes as demonstrated by a 
























assay responses to a uniform LPS spike (Figure 5.8) appears to have a straightforward 
interpretation. LPS is depleted from solution by adsorption to PSNPs that are then centrifugally 
separated from the solution. However, analogous assays of fixed-spike LPS concentrations 
incubated with increasing AuNP and SiNP concentrations resulted in drastically and artificially 
elevated KQCL assay responses (Figures 5.3, 5.4, and 5.7) that are more difficult to interpret 
consistently with this explanation. Additionally, divalent cations inhibited KQCL reporting of LPS 
alone, but not in solution phases incubated with AuNPs (centrifugally removed before LPS assay, 
Figure 5.6).  These results, along with HPLC partitioning retention time assays showing co-elution 
of LPS and LPS-exposed NPs strongly support AuNP adsorption of LPS. Nonetheless, the 
anomalous amplification of KQCL assay responses to LPS observed following initial nanoparticle-
LPS incubation and subsequent particle removal from the solution (i.e., NP removal by serial 
centrifugation prior to KQCL reagent addition and assay) confound a simple single mechanistic 
explanation. That the KQCL assay response alteration is not attributable to residual ionic and 
colorimetric species is evident from controls, supported both by the observed kinetic stability of 
the assay in the presence of AuCl4
- anion addition (Figure 5.5) and by the minimal KQCL 
responses to endotoxin-free water incubated with each nanoparticle type alone (Table 5.2).  
However, NP-LPS synergy is such that even trace amounts of residual NP in samples produce 
exaggerated KQCL responses to LPS, while large amounts of NP in samples produce 
unintelligible KQCL responses.  Additionally, centrifugal NP removal from the samples before 
KQCL analysis minimizes direct NP interference with the assay components, i.e., via competitive 
spectral absorption interference or assay reagent-NP adsorption. 
These distinct effects of PSNP from both AuNP and SiNP on the LAL assay response are 
interesting, but also without mechanistic explanation. Though carboxylated to maintain some 
electrostatic stability in media (i.e., zeta potential is ≈ -42 mV in pH=7.5, 0.15 M NaCl),42 PSNP 
are the most hydrophobic of the three nanoparticles studied.43,44 We propose that LPS adsorption 
to nanoparticles results in assay perturbations that distort the fidelity of the KQCL assay following 
NP exposure.  The attenuation of KQCL response to LPS spikes in the presence of PSNP may 
arise from irreversible hydrophobic interactions between LPS lipid-A regions and exposed 
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hydrophobic surface domains on PSNP. Factor C, the LAL “biosensor” enzyme for LPS, is 
activated by interaction with lipid-A.  Moreover, two domains of Factor C are known to interact 
cooperatively with LPS, 41 and LPS may concurrently engage more than one Factor C molecule.45
Thus, lipid-A mediated adsorption of LPS to a hydrophobic surface (i.e., PSNP) may inhibit 
cooperative binding of multiple Factor C regions or molecules to lipid A through NP association 
with lipid A and thus slow the kinetics of the Factor C-initiated response to LPS. In contrast, the 
KQCL-amplifying effects of SiNP or AuNP incubated with LPS suggest an improved presentation 
or stabilization of lipid A to yield more favorable interactions with Factor C and higher enzyme 
catalytic turnover, increasing the assay signal artifactually. However, a basis for AuNP/SiNP 
interactions with LPS is unknown and the mechanism of such assay over-response remains 
elusive. 
Experiments to effectively test this hypothesis for NP-induced alteration of LPS conformation 
or LPS-Factor C interactions in the assay are currently stymied by a lack of specific molecular or 
interfacial hypothetical bases by which NP-LPS interactions alter LPS-Factor C interactions or 
Factor C function. Moreover, since the assay response amplification is observed for LPS 
incubated with NPs, even following their removal from the assay by centrifugation prior to reagent 
additions, may indicate that any AuNP- or SiNP- LPS associations are transient. Moreover, given 
the NP centrifugation step, it is also possible that some LPS is removed as NP adsorbate, 
meaning that the amplified KQCL responses observed are ultimately an under-representation of 
the actual NP interference phenomenon. This is supported by further-amplified KQCL answers to 
NP-incubated LPS spikes not centrifuged before LPS assay assessment (data not shown). 
However, experimental scenarios to adequately test these hypotheses are difficult because little 
is known concerning the molecular basis for hydrophobic Factor C-lipid A interactions in the 
presence of NPs.
5.6 Conclusions
In conclusion, this study shows a variety of nanoparticle interactions with the gram-negative 
endotoxin, LPS, in a variety of aqueous solutions that confound its precise detection using a 
common colorimetric version of the standard LAL assay for LPS. This assay interference by NPs 
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is of serious concern due to the known regulatory vigilance to certify and report endotoxin 
contents in medical devices and drugs,[7] the increasing application of nanoparticles in medicine, 
and the ubiquitous endotoxin contamination of laboratory reagents, glassware and synthetically 
prepared nanomaterials. The resulting potential adverse consequences for under-reporting LPS 
contamination on both commercial and investigational nanomaterials that enter biological test 
systems or in vivo applications are substantial.  This problem is compounded by the lack of 
routine surface analysis results reported for most nanomaterials in biomedical applications, and 
the technical difficulty of performing adequate, sensitive, surface characterization of 
nanomaterials.[6,8] Of possibly greater concern is the present observation of a significant 
nanoparticle potential to amplify the KQCL assay response, particularly as a harbinger for 
enhanced immunologic and inflammatory responses in vivo through precisely the same 
biochemical, positive feedback pathways that this assay uses for its signal generation. Thus, this 
same adsorption phenomenon (yielding LPS-contaminated NPs) could possibly elicit host 
endotoxic responses in vivo that are distinct from those arising toward either endotoxin or 
nanoparticles alone.  
Nanomaterial-based LPS adsorption was demonstrated for three distinct, but commonly 
studied NP chemistries (gold, silica, and polystyrene). However, potential alteration of biological 
and assay responses to LPS may extend more generally to a diverse variety of other 
nanoparticles. Thus, future efforts should seek to: 1. elucidate a mechanistic basis for these 
anomalous chromogenic assay results; 2. identify alternative methods to better quantify LPS on 
nanoparticle surfaces; and 3. address potentially serious biological risks of unreliable LPS assay 
in NP to improve both the safety and efficacy of nano-enabled biomaterials and theranostic 
formulations in vivo.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
6.1 Conclusions
This dissertation describes assessment of specific well-known nanoparticles for unintended 
effects and toxicological complications within hemostatic systems. Cationic generation-7 poly 
(amido amine) (PAMAM) dendrimers (G7-NH2) were demonstrated to affect every major platelet 
function, including induction of procoagulant signaling, thrombin generation (inhibition), and 
morphological alteration for platelet aggregation and adhesion. These G7-NH2 dendrimers were 
also demonstrated to alter not only platelet-supported thrombin generation, but also fibrinogen 
and blood protein aggregation through molecular interactions, providing a plausible basis for 
extensive coagulopathic outcomes observed in animal models.  In the biochemical LAL assay 
cascade (based on the LPS-initiated, Limulus coagulation cascade), AuNP and SiNP were 
demonstrated to increase LAL assay response to LPS.  Together, the studies of this dissertation 
specifically demonstrate the reactivity of nanoparticles in hemostatic systems and further, 
illustrate the potential for nanoparticles to disturb a variety of complex biological cascades and 
processes. 
6.1.1 Amine-terminated generation-7 dendrimers are highly activating toward platelets.  The 
increasing use of nanoparticles in intravenous drug delivery design presents a corresponding 
need for suitable assessment of specific nanoparticle impact on blood hemostasis and 
coagulation function. Amine-terminated generation-7 (G7-NH2) PAMAM dendrimers were 
employed as a model nanoparticle to build an in vitro toolkit to assess nanoparticle coagulation-
relevant properties and relate them to observed in vivo procoagulant functions. G7-NH2
dendrimers were applied to platelets in concentrations corresponding to dendrimer doses 
observed to be hemostatic when administered intravenously to rodents.1  Platelet assays 
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employed encompassed all major functions of platelets following exposure to nanoparticles (G7-
NH2) and included flow cytometry-based assessment of adhesion molecule expression, 
microscopy-based visualization of platelet morphology, impedance/absorbance-based 
measurement of aggregation, ELISA-based quantitation of platelet secretions, fluorogenic-
substrate-based assessment of thrombin generation, and shear flow-based assessment of 
platelet adhesion.  Platelets were found to be highly activated by cationic dendrimers resulting in 
strong expression of platelet adhesion molecule P-selectin and platelet-released inflammatory 
molecules RANTES and PF-4, unconventional aggregation, morphological alteration, and 
adhesion phenotypes, along with inhibition of thrombin generation. In light of previous reports of 
extensive, cationic dendrimer-induced coagulopathy, attenuation of thrombin generation was a 
surprising, unusual result.  However, since thrombin generation depends upon platelet membrane 
phosphatidyl serine exposure for the assembly of the prothombinase complex, the extensive 
alteration of platelet membranes could also produce a loss of thrombin generation capacity.  The 
basis of the observed morphological alterations should be further explored through examination 
of dendrimer interactions with the platelet cytoskeleton.
6.1.2 G7-NH2 aggregate blood proteins. The new mechanism presented here for G7-NH2
procoagulant activity was used to explain the apparent contradiction between the disparate G7-
NH2 effects of in vivo hemostasis and in vitro attenuation of thrombin generation.  G7-NH2 were 
assessed for their fundamental interactions with the key endpoints of the coagulation cascade, 
thrombin and fibrinogen, and further evaluated for their broader activity toward other plasma 
proteins. In agreement with the above findings of decreased thrombin generation, coagulation in 
platelet poor plasma was attenuated by G7-NH2. Moreover, in a simplified version of coagulation 
containing only thrombin and fibrinogen, G7-NH2 were shown to increase the rate of coagulation 
and produce morphologically dense reaction products with fibrinogen, irrespective of thrombin 
presence/absence in the milieu. This result is remarkable since traditional clotting requires the 
thrombin-mediated cleavage of fibrinogen. Further examination of the products of this fibrinogen-
dendrimer interaction revealed that aggregates were rapidly being formed with G7-NH2 and, not 
only with fibrinogen, but also with the most abundant plasma protein, albumin. Notably, these two 
109
blood proteins both present densely anionic surface domains and this surface charge trend was 
further confirmed with the finding that G7-NH2 did not produce aggregates with a cationic plasma 
protein, protamine. Thus, it was hypothesized that cationic dendrimers aggregate fibrinogen and 
albumin via cationic electrostatic interactions with the anionic protein domains, and that this 
mechanism may extend to include a wide range of plasma proteins possessing negative charge 
domains. In coagulation assays in vitro, a lack of fibrin generation with aggregation of plasma 
protein results in an apparent attenuation of clotting while these same aggregates could 
consolidate intravascularly (e.g., in capillary beds) to produce coagulopathy and ischemic 
conditions in vivo, with further hemostatic contributions coming from activated platelets.  The 
question of critical charge density required to affect these coagulogenic aggregation events under 
physiological conditions remains central to proving this mechanism. 
6.1.3 An in vitro toolkit for nanoparticle procoagulant assessment.  These results 
demonstrate the establishment of a toolkit for the assessment of nanoparticle procoagulant 
effects. This includes assessments of dendrimer nanoparticle impact on the major functions of 
platelets in hemostasis, such as platelet morphological changes, adhesion, adhesion molecule 
expression, aggregation, inflammatory molecule secretion, and thrombin generation, as well as 
dendrimer nanoparticle-platelet binding. This toolkit also encompasses assessments of 
nanoparticle procoagulant effects relative to both the reactive molecules of the coagulation 
cascade and other circulating molecular components of blood plasma, including assays of Factor 
Xa and thrombin enzymatic activity, clotting in platelet poor plasma, clotting of purified thrombin 
and fibrinogen, visual inspection of resulting clots/products, fibrinogen fragment-based 
assessments, and size-based separation analysis of coagulation products (as a screen for 
general serum protein aggregation). Collectively, these assays probe both the mechanism and 
results of nanoparticle procoagulant and hemostatic properties. Further experiments will apply 
this toolkit to the analysis of other suspected procoagulant nanoparticles. 
6.1.4 Zebrafish embryos for in vivo coagulopathic assessment.  Following the preceding 
elucidation of G7-NH2 hemostatic mechanisms, zebrafish embryos (ZFE) were successfully 
applied to elucidate whole-organism coagulogenic effects in vivo by real-time intravital 
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microscopy following intravascular microinjection of G7-NH2. Transgenic fluorescent protein-
expressing zebrafish lines were employed to facilitate fluorophore-specific microscopic 
observation of red blood cells and platelet-analogue thrombocytes. G7-NH2 injections into ZFE 
were observed to produce immediate coagulation and vascular occlusion responses that scaled 
in magnitude with G7-NH2 dosing. Though qualitative, this optically based method of nanoparticle 
coagulogenic effect provided clear insights into the extent and temporal progression of 
coagulopathy in vivo that were previously unavailable using existing (rodent) models. The specific 
challenges of the ZFE method for blood contacting assessments reside in the difficulty of dose 
administration, the scarcity of blood/tissue availability for ex situ assessments, and restriction of 
endpoint assessment to image-based quantitation. The strength of this ZFE-based coagulation 
assessment method lies in its speed, low cost and ease/clarity of assessment. Moreover, it was 
demonstrated cross-species efficacy of many well-known clinical anticoagulants and antiplatelet 
agents allows for mechanistic elucidation of nanoparticle-mediated blood activation. The ZFE 
model also is genetically tractable and offers relative ease of mutant generation and the existence 
of several convenient transgenic, morpholino-knockdown, or mutant variants with specific 
relevance to mechanistic or genetic screens of coagulation. Thus, the ZFE model seems well-
suited to initial, gross, temporal and mechanistic assessments of nanoparticle procoagulant 
properties in vivo to identify specific areas for further study in appropriate blood-, platelet-, and 
small animal-based models. 
6.1.5 Nanoparticles confound accurate quantitation of lipopolysaccharide in the KQCL assay.  
In addition to G7-NH2 disruption of the human clotting cascade, nanoparticles were also shown to 
potentially alter the function of another biochemical cascade, the KQCL assay cascade which is 
derived from the Limulus Polyphemus coagulation system.  Silica nanoparticles (SiNP) and two 
types of gold nanoparticles (AuNP) were observed to exaggerate the assayed lipopolysaccharide 
(LPS) concentration in samples containing as little as ppb quantities of AuNP or SiNP, 
independent of background LPS contamination or residual HAuCl4 synthesis reagent.  Moreover, 
the kinetic traces of assay product formation indicated a direct relationship between incubated 
AuNP/SiNP concentration and rate of product formation.  While this suggests potential catalytic 
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NP behavior for these particle types in the KQCL assay, this phenomenon could alternately stem 
from proprietary stabilizers or other components of the Lonza KQCL assay reagents or 
lipopolysaccharide.   Notably, polystyrene nanoparticles (PNP) exerted an opposite effect upon 
KQCL assay response, decreasing product formation in direct relation to incubated PNP 
concentration, strongly suggesting quantitative PNP adsorption and removal of LPS during 
centrifugative sample preparation.  Future studies should evaluate additional nanoparticle types, 
sources of LPS, and forms of the LAL assay to determine the generality of the results reported 
herein.
The overall objective of this dissertation is to improve and expand the tools and techniques 
available for the assessment of nanoparticle toxicity, with a specific emphasis on 
pharmaceutically relevant nanoparticles that could have extensive systemic bioavailability. The 
immediate objective was to build a toolkit for nanoparticle coagulogenic assessment and to 
establish a positive control nanomaterial for the assessments comprising the toolkit. Having 
identified a robust and highly activating dendrimer nanoparticle and a variety of effective 
assessment methods for demonstrating its impacts upon the components of hemostasis, the task 
remains to broaden the toolkit with additional coagulation-relevant assessments, as needed. 
Specifically, interesting questions remain unexplored in relation to the procoagulant properties of 
G7-NH2 that will require additional assays to elucidate. 
The assay toolkit presented herein should be applied to a representative assortment of 
nanoparticles, encompassing the wide array of materials with potential for blood contact. 
Subsequently, with that established matrix of nanoparticle evaluations, this toolkit may be used to 
assess procoagulant properties for virtually any given nanoparticle. 
6.2.1 Additional assessments of G7-NH2 platelet activation.  Following exposure to G7-NH2, 
platelets undergo substantial morphological changes, extensive aggregation, and decreased 
thrombin generation capacity,2 demonstrating strong G7-NH2 interactions. These observed 
abnormalities in activated platelet morphology, when considered with confocal imaging that is 
suggestive of dendrimer interaction with alpha granules2 and unpublished data demonstrating 
6.2 Future work
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platelet actin cytoskeleton abnormalities, suggest that G7-NH2 may be penetrating into the 
platelet. The demonstration of such G7-NH2 penetration into platelets could enable the loading of 
autologous platelets with a dendrimer-conjugated thrombolytic agent, by virtue of the 512 surface 
amine groups present on G7-NH2. Conjugate size could present an obstacle to the G7-NH2-
mediated loading of the platelets, but the abundance of surface amines on G7-NH2 could allow 
for the attachment of a carefully tuned, but substantial, amount of thrombolytic agent to the 
dendrimer surface simultaneous with the preservation of some positive charge density threshold 
necessary for platelet penetration. Alternatively, a mixture consisting of both native G7-NH2 and 
drug-conjugated G7-NH2 may produce the appropriate balance of platelet activation/membrane 
perturbation for dendrimer-drug loading. Since G7-NH2 treatment imbues an activated and 
“sticky” phenotype to platelets,2,3 drug loaded platelets may thus be ideally primed for targeted 
adhesion to the site of activation and infarction once injected back into the patient for the 
treatment of acute ischemic events.  
6.2.2 Fibrinopeptide quantitation as a measure of fibrin production by G7-NH2 exposure. 
Results in this dissertation strongly suggest the dendrimer-induced aggregation of plasma 
proteins.  However, in order to conclusively demonstrate a (non)fibrinolytic mechanism for 
dendrimer procoagulant activity, fibrinogen cleavage products (fibrinopeptides A and B, FpA and 
FpB) should be demonstrably absent in G7-NH2 fibrinogen sample supernatants. Fibrinopeptide 
quantification has been performed previously utilizing reverse-phase HPLC for thrombin-cleaved 
fibrinogen,4 but HPLC sample analysis of fibrinopeptide generation was unsuccessful in these 
studies.  However, HPLC analysis may be successful in this study through the dedication of a 
method-appropriate, previously unused column to the study. Alternatively, dendrimer- and 
thrombin-treated fibrinogen samples could be produced in scaled-up reaction volumes of reported 
methods5 to allow for sample supernatant concentration of fibrinopeptides and subsequent 
quantitation by Asymmetric Flow Field Flow Fractionation (AsFlFFF). However, such a size-based 
separation method would be insensitive to the subtle size differences between FpA and FpB and 
would yield only quantification of the collective fibrinopeptide content of the sample. Yet another 
experimental alternative lies in a reported competitive enzyme-linked immunoassay (CELIA)- or 
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enzyme-linked immunosorbent assay (ELISA)-based detection of FpA and FpB with detection 
limits in the low picomolar range,6 to allow for fibrinopeptide detection in unconcentrated samples.  
A variety of available FpA- and FpB-specific monoclonal antibodies and ELISA kits (e.g., 
MyBioSource, cat# MBS311826 and MBS726379; Abcam, cat#ab14790, ab48256, and ab86455) 
may be applied to this analysis. 
6.2.3 Initial set of representative nanoparticles for procoagulant assessment.  The results 
contained in this dissertation establish G7-NH2 as a strong positive nanoparticle control for many 
known aspects of blood and platelet activation. However, G7-NH2 represents only one of many 
nanoparticle classes and may not provide a suitable positive control for many classical activation 
pathways, given its unusual procoagulant mechanisms. Future efforts should extend the present 
set of assessments with dendrimers to include all of the major classes of nanoparticles (i.e., 
metallic nanoparticles, oxide nanoparticles, carbon nanomaterials, quantum dots, and polymeric 
nanoparticles). It would be best to begin such a matrix-based expansion with particles already 
known or suspected to have adverse coagulogenic effects such as iron oxide particles, polymeric 
poly(ethyleneimine) (PEI) particles, RGD-conjugated particles, silica particles, silver particles, and 
diesel exhaust particles. Comprehensive assessment of these representative nanoparticles would 
further demonstrate and expand the applicability of this toolkit for procoagulant assessment and 
may also yield classically activating nanoparticle controls for specific mechanisms of coagulation 
and platelet activation applicable for use in future nanoparticle assessments. 
6.2.4 Utilizing zebrafish to elucidate cellular trafficking, fate, and consequences of particle 
uptake.  Particle fate is of concern for any formulation utilizing nondegradable nanoparticles and 
understanding is still lacking relative to the transport of phagosome-sequestered particles and 
their secondary effects within the host. The transparent character of ZFEs allows for the facile 
visualization of cellular compartments filled with phagocytosed fluorescent nanoparticles and 
unpublished observations revealed the potential to visualize the in vivo cellular trafficking of 
injected fluorescent nanoparticles in real time.  This unique ZFE model should be leveraged to 
help answer these basic questions of particle trafficking and ultimate fate.  A variety of 
nanoparticle administration routes could be examined by utilizing injection to various 
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compartments of the body, solution-based diffusive dosing (topical), or oral administration. 
Assessment would first yield a rough evaluation of initial particle distribution, with uptake being 
assessed as the appearance of visible particle concentrations within host phagocytes. 
Subsequent particle trafficking would then be observed as the movement of cells containing high 
particle burdens continues throughout the animal. Such observations, distributed over a sufficient 
period of embryo development may yield insights into the interactions of phagocytes with particle 
elimination mechanisms within the animal or may suggest permanent particle sequestration within 
phagocytes. Such particle sequestration could result in senescence or compromised immune cell 
function as has been observed with the foreign body response to biomaterial implants and 
accompanying increased risk for infection7 and could be assessed as outlined in the following 
section.
6.2.5 Assessing consequences of intracellular particle loading on immune function.  As a 
companion to the above study of particle transport and fate in ZFE, the impairment of wound 
healing and antipathogen responses should be assessed for phagocytes possessing high particle 
burdens. This would begin with the administration and phagocytosis of fluorescently labeled 
nanoparticles. Subsequently, well-characterized infection and wound resolution responses would 
be observed and contrasted for normal and nanoparticle-dosed ZFE. Such assessments would 
examine the dependency of nanoparticle loading in observed modulations of cellular chemotaxis 
and activity in a fin-wounding assay,8,9 cellular capacity for pathogenic phagocytosis,10 cellular 
response to both local and systemic infections,10 and persistence of pathogen loads within the 
host.10 Moreover, time-lapse imagery could provide valuable insights into the specific functionality 
of particle-loaded cells with transgenic ZFE fluorescent neutrophil11  Tg(MPO::EGFP) or 
fluorescent macrophage9 Tg(mpeg1:Gal4-VP16/UAS:Kaede) counter labeling to injected 
nanoparticle fluorescence.  Thus, image based-analysis could be applied to contrast localization 
and motility for particle-loaded cells relative to unloaded cells in the same animal. Such data 
would offer valuable insight into the impacts of nanoparticle phagocytosis on the subsequent 
cellular and systemic immune capacity for response to injury or pathogenic challenge.
This dissertation and future work outlined here offer improved assessment and better 
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understanding of the adverse effects consequent to systemic nanoparticle administration. The 
focus on the procoagulant effects of therapeutically applied nanoparticles helps to fill a deficiency 
in current nanoparticle assessment. The current and future application of basic cellular, 
molecular, and ZFE-based assessments to determine fundamental nanoparticle procoagulant 
properties provides a useful toolkit for the characterization of blood contacting nanoparticles.  
Ultimately, such comprehensive response-based characterization will aid in the design of safer 
nanoparticle-enabled formulations for a variety of injectable therapeutics.
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